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I .  INTRODUCTION 

The  need  for  a  quantitative  description  of  the  topography  of 
surfaces  has  grown  in  proportion  to  the  appreciation  of  the 
relationships  between  surface  texture  and  surface  functional 
performance.  Examples  where  such  characterization  is  required 
are  numerous  [1],  While  surface  microgeometry  has  been  examined 
by  a  variety  of  instruments  [2]  and  much  qualitative  information 
is  available  [3] ,  a  detailed  3-D  quantitative  description  of 
surface  topography  is  difficult  to  obtain. 

Quantitative  surface  measurements  are  currently  obtained  by 
multiple  line  traces  using  a  mechanical  stylus  [4] .  This 
measurement  is  limited  by  the  finite  stylus  tip  radius  (2.5  urn) 
as  well  as  the  time  (minutes)  required  for  a  single  line  trace. 

In  addition,  physical  contact  between  the  stylus  tip  and  surface 
can  destroy  certain  features  of  significance  in  characterizing 
surface  performance  [5].  Other  approaches  such  as  specular 

reflection,  various  interference  methods,  shadow  casting  tech¬ 
niques  and  optical  profilometry  are  either  too  cumbersome  and/or 
qualitative.  The  use  of  the  monoscopic  SEM  images  to  define 
surface  topography  while  offering  greatly  increased  horizontal 
resolution  (~2  orders  of  magnitude)  compared  to  the  stylus  and  a 
high  speed  of  implementation  (6.25(10)6  image  points  in  seconds), 
lacks  a  calibrated  altitude  reference  [6]  . 

A  consideration  of  the  features  desired  in  advanced  3-D 
surface  measurement  systems  will  define  the  hardware  requirements. 
In  addition  to  providing  resolution,  accuracy  and  precision 

comparable  with  currently  available  instrumentation,  the  dev¬ 
elopment  of  a  new  generation  surface  characterization  tool  should 
strive  to  incorporate  the  following  capabilities: 
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•  Speed  compatible  with  interactive  generation  of  surface 
maps. 

•  Non-contacting  hardware  to  preclude  disruption  of  signifi¬ 
cant  surface  features  and  distortion  of  the  actual  topography. 

•  Provide  a  point-by-point,  3-D  description  of  the  surface 
amenable  to  processing  with  a  digital  computer. 

•  Potential  to  investigate  other  aspects  of  surface  texture 
which  impact  its  functional  performance  (e.g.  chemistry, 
metallurgy) . 

•  Potential  for  total  automation. 

A  system  which  uses  sterescopic  image  pairs  generated  by  a 
SEM  to  define  surface  topography  enables  attainment  of  all  the 
preceeding  objectives. 

■'This  report  summarizes  the  work  done  in  Phase  I  of  a  program 
to  develop  a  3-D  surface  measurement  system  using  a  stereo  pair 
of  SEM  images.  Phase  I  consisted  of  a  comprehensive  literature 
survey  to  define  the  state-of-the-art  in  stereo-microscopy  (Task 
1)  and  a  set  of  experiments  to  establish  the  feasibility  of  the 
proposed  method  (Task  2).  Section  II  summarizes  results  from 
Phase  I.  Section  III  describes  the  results  of  the  literature 
survey  which  fulfills  the  objectives  of  Task  1.  Details  on  the 
computerized  literature  search  are  provided  in  Appendix  A. 

The  proof-of-concept  experiments  are  discussed  in  Section  IV  and 
Appendix  B.  Finally,  a  description  of  the  system  to  automate 
stereometry  and  construct  a  viable  3-D  surface  measurement  tool 
is  provided  in  Section  V. 
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II.  SUMMARY  OF  PHASE  I 

A  comprehensive  survey  (literature  and  personal  communications) 
has  been  conducted  to  ascertain  the  current  state  of  knowledge 
regarding  stereometry  on  the  microscale.  Results  of  interests 
are  high-lighted  below. 

1)  SEM  stereometry  has  been  successfully  implemented  by  Boyde 
[7]  in  the  biological  sciences.  We  have  reproduced  this 
hand-measurement  procedure  at  SKF  on  a  standard  [8]. 

2)  Major  sources  of  error  have  been  identified  [7,9],  and 
procedures  to  avoid  these  problems  have  been  established. 

At  high  magnification  (> 500X) ,  the  stage  tilt  measurement 
and  elimination  of  image  rotation  are  critical  parameters. 
The  stage  tilt  can  be  calibrated  [10]  to  rid  of  the  effect 
of  play  in  the  drive  mechanism.  Elimination  of  image 

rotation  about  the  beam  axis  during  tilt  requires  an 
eucentric  tilt  stage.  Eucentric  tilt  motion  maintains 
the  field  of  view  as  the  specimen  is  tilted.  The  required 
stage  is  not  commercially  available.  Distortion  (non¬ 
linearity)  of  the  CRT  and  any  subsequent  photographic 
distortions  can  be  eliminated  through  the  use  of  an 
internal  scale  [7].  However,  in  the  fully-automated 
system  described  subsequently,  these  problems  are 
eliminated  because  no  photographic  image  is 
involved  in  the  data  acquisition  process. 

3)  Resolution  of  the  SEM-stereo  procedure  is  two  orders  of 
magnitude  better  than  the  stylus  in  the  horizontal  direction 
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(~  100A°  =  -4  pin).  Vertical  resolution  of 
~ 250°A  =  1.0  U  in.  can  be  achieved  if  photogrammetr ic 
self-calibration  techniques  [11]  are  employed.  Commercially 
available  SEM's  with  a  smaller  beam  diameter,  say  25°A, 
would  enhance  the  resolution  by  a  factor  of  1/4. 


4)  Precision  of  the  manual  procedure  was  reported  in  [10]  to 
be  approximately  1%.  This  is  consistent  with  our  results 
using  a  standard  (Appendix  B) .  Accuracy  of  the  procedure 
has  not  as  yet  been  definitively  assessed. 


5)  Correlation  software,  required  for  the  automation  of  the 
stereo  mapping  procedure,  has  been  successfully  utilized 
in  the  case  of  aerial  photogr ammetry  [12].  Algorithms 
required  to  match  physical  points  on  the  stereo  micrographs 
will  be  variations  of  these  particular  programs.  Here, 

the  points  must  match  raster  line  to  raster  line  limiting 
the  search  domain.  In  addition,  private  communication 
with  Mr.  Doug  Petri  from  JPL  provided  information  that 

experimental  software  has  surpassed  the  pattern  recognition 
capability  of  the  human  eye-brain  combination. 

6)  Postprocessing  software  available  for  extracting  physical 
surface  features  is  typically  cumbersome  to  implement,  due 
to  its  general  purpose  architecture,  and  requires  large 
core  storage  capability. 
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The  proof-of-concept  test  was  implemented  in  two  steps.  in 
the  first  test,  the  SEM  technique  was  calibrated  by  measuring  a 
"standard"  with  the  Talysurf  IV  and  via  photogr ammetr ic  evaluation 
of  the  corresponding  pairs.  The  standard  is  a  ground  M50  ste' 1 
specimen  with  a  stepped-down  area  obtained  by  electropol ishi 
The  step  height  was  assessed  by  hand  measurements  from  stere 
pairs.  Details  of  the  procedure  are  provided  in  Appendix  I 
Subsequently,  we  proceeded  to  obtain  stylus  measurements  of  *•> 
specimen  for  comparison.  In  the  second  experiment,  measurements 
were  made  on  a  specially  prepared  aluminum  specimen  using  a 
stylus  (Talysurf  IV)  and  the  stereo  technique.  Contours  were 
generated  with  each  method  and  compared.  The  stereo  technique 
exhibited  10%  error  compared  to  the  stylus  results. 
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III.  STATE-OF-THE-ART  IN  STEREOMICROSCOPY 
III.l  Literature  Survey 

A  literature  search  was  undertaken  to  define  the  state-of- 
the-art  of  stereomicroscopy;  quantitative  surface  topography  on  the 
microscale  using  SEM  generated  stereo  pairs.  Topicallyf  this  field 
includes:  Analytic  Photog rammetry ,  Scanning  Electron  Microscopy, 

Digital  Image  Processing  and  Automatic  Pattern  Recognition.  The 
union  of  these  sciences,  provides  the  technological  base  for  dev¬ 
elopment  of  an  automated  3-D  SEM-Stereo  Topography  System,  the  long- 
range  goal  of  this  program. 

This  report  details  only  the  computerized  literature  search. 
Additional  materials  were  acquired  by  hand  searches  and  through 
personal  communications  with  other  researchers  active  in  th";  field. 
Included  in  Appendix  A  is  a  description  of  the  search  strategies 
employed,  quantification  of  results,  as  well  as  an  evaluation  of  the 
various  data  bases  surveyed. 


The  survey  was  conducted  using  the  following  seven  data  bases: 
COMPENDEX  (Engineering  Index) 

DISS  (Dissertation  Abstracts) 

INSPEC  (Science  Abstracts) 

SSIE  (Smithsonian  Science  Information  Exchange) 

NT IS  (National  Technical  Information  Service) 

NASA  (National  Aeronautics  and  Space  Administration) 

DDC  (Defense  Department  Command) 
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These  seven  data  bases  provided  for  a  comprehensive  survey 
of  the  existing  state-of-the-art  in  stereomicroscopy.  Over  700 
references  were  identified  and  screened.  Of  these,  nearly  100 
were  found  to  be  directly  applicable  to  this  project  and  are 
reviewed  in  the  following  sections. 

III. 2  Quantitative  Surface  Measurement  Methods 

Methods  used  for  surface  topographical  measurement  are 
diverse  and  include  scanning  electron  microscopy,  interference 
microscopy,  capacitance  probes,  surface  reflectance,  oblique 
sectioning  and  profilometry  (stylus  method) .  Monoscopic  SEM 
images  can  provide  important  qualitative  information  about 
surface  topography,  but  it  is  difficult  to  obtain  quantitative 
information.  Interference  microscopy  is  used  to  generate  contour 
maps  of  the  surface  but  the  vertical  resolution  is  fixed  at  about 
0.25  microns  [1].  For  tribological  purposes,  the  stylus  method 

is  the  most  widely  used  approach  to  obtain  two-dimensional 
surface  profiles.  Methods  used  for  surface  measurement  have  been 
reviewed  by  Green  [8],  Greenwood  [11,  Richards  [7],  and  Thomas 
[10).  The  stylus  method  and  some  non-stylus  methods  are  reviewed 
below. 

III. 2.1  Stylus  Method 

In  the  stylus  method,  the  surface  profile  is  obtained  by 
using  a  prof ilometer .  A  profilometer  consists  of  a  lightly- 

loaded  stylus  connected  to  an  electro-mechanical  transducer.  As 
the  stylus  traverses  the  surface,  the  vertical  movement  of  the 
stylus  is  recorded  with  respect  to  some  appropriate  datum. 
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The  transducer  produces  a  voltage  analogue  of  the  surface. 

Signal  processing  of  the  stylus  output  is  straightforward. 
Analogue  processing  of  the  signal  has  been  reviewed  by  Greenwood 
[1).  However,  due  to  the  widespread  use  of  digital  computers, 
digital  processing  of  the  transducer  signal  has  become  common. 
Here  the  output  of  the  transducer  is  processed  through  a  suitable 
analogue  to  digital  converter  and  recorded  to  obtain  a  permanent 
numerical  record  of  the  surface  profile. 

There  are  a  number  of  documented  problems  associated  with 
the  stylus  method  [1,5,8,9,15].  The  contacting  stylus  may 
damage  the  surface  [9,15].  However,  Williamson  [5]  has  reported 
that  for  a  lightly  loaded,  high  resolution  stylus,  the  surface 
damage  is  not  significant  even  for  soft  metals  like  aluminum, 
the  stylus  may  not  reproduce  the  surface  accurately  because  of 
the  finite  size  of  the  stylus,  particularly  for  sharp  peaks  and 
valleys.  Greenwood  [1]  has  shown  that  all  convex  radii  on  the 
surface  are  increased  by  the  stylus  radius  while  all  concave 
radii  are  decreased  by  the  same  amount.  The  effect  of  stylus 
radius  on  surface  profiles  has  been  discussed  in  greater  detail 
by  Radhakr ishnan  [3,4].  Another  factor  that  limits  the  profile 
resolution  is  mechanical  vibration  of  the  stylus,  placing  an 
inherent  speed  limit  on  the  instrumentation. 

A  stylus  trace  of  a  surface  is  a  single  two-dimensional 
profile  and  it  is  difficult  to  generalize  a  two-dimensional 
profile  into  a  three-dimensional  surface.  A  peak  on  the  profile 
is  not  necessarily  a  summit  on  the  surface.  Two  adjacent  peaks 
on  the  surface  profile  may  not  be  real  summits  but  shoulders 
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of  the  same  higher  summit  off  to  one  side  of  the  traverse.  How¬ 
ever,  Williamson  et  al  [13]  and  Williamson  [5,6]  have  used  the 
stylus  method  to  produce  contour  maps  of  the  surface  by  making  a 
set  of  parallel  traverses  at  equal  spacings  and  obtaining  an 
array  of  surface  profiles.  Such  arrays  of  profiles,  obtained  by 
relocation  profilometry  [11,12],  are  a  more  accurate  representation 
of  a  rough  surface  than  a  single  surface  profile. 

The  major  advantages  of  the  stylus  method  are  minimal  surface 
preparation  and  superior  vertical  resolution  (-0.0025 
V m  =  25°A) .  The  major  disadvantages  include  surface  damage  for 
soft  specimens,  slow  speed,  and  poor  horizontal  resolution. 

Typical  values  of  horizontal  resolution  are  lwm;  3  orders  of 
magnitude  larger  than  in  the  vertical  direction.  This  imposes 
limits  on  the  calculation  of  surface  slopes  and  curvatures, 
parameters  of  recognized  significance  in  concentrated  contact 
performance. 


1 1 1 . 2 . 2  Non-Stylus  Methods 

A  large  number  of  non-stylus  methods  have  been  used  for 
suria-e  roughness  measurement.  Some  offer  a  radically  different 
approach  to  surface  measurement  while  others  are  similar  to  the 
stylus  methods  except  that  the  mechanical  stylus  is  replaced  by  a 
non-contacting  optical  [16,17]  or  capacitive  [18]  probe. 

Scatterometr y  has  been  used  for  surface  measurements  [19— 
29].  In  interference  microscopy  [19],  two  incident  beams  of  light 
are  used  to  obtain  a  fringe  pattern  which  in  turn  yields  stat¬ 
istical  information  about  the  surface.  In  single  beam  systems 
[20-29],  the  angular  distribution  of  the  scattered  light  is  used 
to  map  the  power  spectral  density  of  the  surface.  Both  the 
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single  beam  and  multiple  beam  methods  cover  large  areas  of  the 
surface  being  measured.  Therefore,  they  are  particularly  suited 
«to  drawing  contour  maps  of  surfaces  and  estimating  statistical 
parameters  like  the  rms  roughness.  These  methods  are  not  suitable 
for  obtaining  surface  heights  at  particular  locations.  The 
resolution  of  the  scattering  method  depends  on  the  wavelength  of 
the  incident  light  beam  and  ranges  from  0.1  to  100  Angstroms  for 
wavelengths  in  the  visible  range. 

A  high-precision  laser  based  surface  measurement  system  for 
super  smooth  surfaces  was  reviewed  briefly  in  Industry  Week  [30]. 
The  system  employs  two  lasers  and  claims  to  detect  surface-height 
variations  down  to  a  single  angstrom  (10-10  meter)  on  metal  or 
glass  surfaces.  The  surface  being  scanned  is  placed  face-down 
on  a  turntable  with  a  hole  in  the  middle.  Two  laser  beams 
polarized  at  right  angles  to  each  other,  are  focused  through  the 
center  hole  onto  the  surface  being  inspected.  As  the  turntable 
rotates  at  2  rpm,  one  beam  traces  a  tiny  circle  while  the  other 
is  directed  straight  up  to  the  center  of  this  circle.  (This 
serves  as  a  reference).  The  laser  beams  are  reflected  from  the 
surface  of  the  piece  being  inspected  to  a  detector,  which 
measures  the  difference  between  the  two  beams  caused  by  surface 
irregularities.  Computers  then  analyze  these  data. 

Hologt ammetry  presents  a  potential  for  simple  mapping  devices 
[31].  An  interference  fringe  pattern  obtained  by  the  interference 
of  a  reference  beam  with  the  light  reflected  from  the  object 


SKF  TECHNOLOGY  SERVICES 

bk'f  INDUSTRIES.  INC 


10 


x. 


•  4115C  - 1  -  R 1 00 


AT83D001 


is  recorded  on  a  hologram  plate.  A  reconstruction  beam  parallel 
to  the  reference  beam  is  used  to  illustrate  the  hologram  plate 
and  create  a  virtual  life  sized  image  of  the  object.  Capabilities 
of  holographic  systems  include  digital  mapping,  contour  maps  and 
cross-sections.  Interference  fringe  patterns  on  the  hologram 
plates  can  be  used  to  obtain  the  values  of  statistical  parameters 
used  to  measure  surface  roughness  [32,33]. 

Electron  microscopes,  both  TEM  and  SEM,  are  also  used  to 
study  rough  surfaces  [34,  35,  36].  A  single  SEM  image  provides 
valuable  qualitative  information  about  surface  texture.  However, 
to  extract  quantitative  topographical  information  requires  use  of 
an  altitude  reference  [14].  Lebiedzik  et  al  [36,38]  devised  a 
method  where  an  array  of  backscattered  detectors  are  used  to 
determine  the  slope  and  orientation  of  each  surface  spot  scanned 
and  reconstruct  the  surface.  Hoover  [74]  and  Smith  [75]  marked 
the  SEM  specimen  with  a  line  of  organic  contamination  and  heavy 
metal,  respectively,  and  correlated  the  line's  distortion  due  to 
specimen  tilt  with  surface  heights.  Hersener  and  Ricker  [76]  and 
hT.:!burn  and  Smith  [77]  adopted  the  method  of  measuring  height  by 
monitoring  the  objective  lens  current  as  the  beam  is  kept  in 
focus. 

An  alternative  approach  is  to  use  a  stereo  pair  of  SEM 
images  to  extract  three  dimensional  topographical  information 
[37,39,40,41],  The  latter  approach  is  seen  as  favorable  because 
of  its  universality  compared  to  other  SEM  related  methods,  pro¬ 
vided  that  the  procedure  can  be  automated.  Automated,  three 
dimensional  observation  by  SEM  stereometry  provides  several 
advantages 
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•  High  speed,  non-contact  instrument  compatible  with  a 
digital  computer. 

•  Twice  the  horizontal  resolution  of  the  stylus. 

•  Potential  for  total  material  characterization. 

In  summary,  three  dimensional  topographical  measurements  via 
SEM  images  provides  an  opportunity  for  a  next  generation  surface 
measurement  tool. 

I I I . 2 . 3  SEM  Stereo  Techniques  -  Measurement  Methods 

The  principles  employed  in  stereomicroscopy  are  founded  in 
the  field  of  photogr ammetry .  Two  images  of  a  surface  are 

prepared  at  different  orientations.  This  induces  a  parallax 
shift  to  the  image  points  which  is  related  to  their  relative 
heights.  By  measuring  the  parallax,  three  dimensional  infor¬ 
mation  can  be  extracted  from  pairs  of  two  dimensional  images. 

As  reported  by  Boyde  [43],  the  first  photogrammatic  work 
with  the  SEM  was  done  by  Wells  in  1957.  This  effort  was  pat¬ 
terned  after  the  tilt  method  of  stereo  pairs  using  a  transmission 
electron  microscope  (TEM)  reported  13  years  earlier  (See 
Heindenreich  and  Matheson  [44]*.)  Wells  in  1960  [45] 


*  The  delay  is  attributed  to  the  lag  in  the  development  of 
the  SEM  compared  to  the  TEM. 
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described  the  "perspective  error"  which  arose  by  assuming  parallel 
projection  optics  when  taking  pairs  at  low  magnification.  The 
error,  in  fact,  was  due  to  the  erroneous  assumption,  since  the 
SEM  is  a  central  perspective  system.  At  high  magnification 
this  difference  is  not  measureable.  Careful  evaluation  of  SEM 
projection  geometry  began  with  Lane  [46]  in  1969.  This  work  led 
to  complicated  formulae  for  extracting  heights  from  stereo  pairs 
obtained  by  specimen  tilt.  Both  two  and  three  (specimen  plane 
does  not  intersect  the  tilt  axis)  dimensional  cases  were  con¬ 
sidered  at  high  magnification.  Cripps  and  Sang  [47]  extended  this 
work  by  deriving  analogous  relocation  equations  for  the  specimen 
translation  case.  It  was  noted  that  this  method  suffers  in  its 
ability  to  resolve  small  heights  due  to  CRT  resolution  limits. 
Comments  regarding  the  accuracy  of  the  tilt  method  were  also 
contributed.  It  was  pointed  out  that  the  percent  error  in  height 
measurement ' s  proportional  to  the  percent  error  in  the  tilt  angle 
difference. 

Practical  problems  in  SEM  stereometry  and  methods  for  their 
solution  were  discussed  by  Boyde  [48].  The  importance  of  cali¬ 
brating  magnification  and  stage  tilt  angle  were  examined.  In¬ 
herent  non-linearity  in  CRT  displays  was  explored.  The  use 
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of  an  internal  scale  to  rid  of  this  problem,  as  well  as  distortion 
due  to  unstable  photogrpahic  emulsions,  was  described.  Rotation 
of  the  second  image  after  tilting  was  identified  as  another 
source  of  error.  These,  in  the  absence  of  an  image  rotation 
module  or  eucentric  stage,  must  be  calibrated  out.  Finally, 
various  instruments  for  plotting  (discussed  in  detail  in 
Section  1.4)  surface  contours  and  profiles  were  described. 

It  is  significant  to  note  that  up  to  this  point  formulae 
for  computing  relative  heights  varied  from  writer  to  writer. 

The  apparent  discrepancies  were  found  to  be  a  function  of  the 
selected  reference  plane  for  measuring  heights.  A  comparison 
of  certain  "natural"  alternatives  were  discussed  by  Howell 
and  Boyde  [49]  in  1972.  They  recommended  three  reference 
planes:  the  right,  left  and  mean  image  planes.  Such  references 

are  suitable  for  biologists  interested  in  the  specimen  features 
but  are  inappropriate  for  tribological  applications.  The  SEM 
stub  reference  plane,  employed  by  Lane  and  then  by  Cripps  and 
Sang,  provides  surface  heights  as  taken  by  a  stylus.  This  is 
the  "natural"  reference  for  the  surface  metrologist  and  for 
the  tribologist  interested  in  characterizing  surface  roughness 
and  its  influence  on  contact  performance. 
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Another  approach  to  creating  SEM  stereo  pairs  was  pioneered 
by  Dinnis  (50]  in  the  early  seventies.  This  method  involves 
"tilting"  the  electron  beam  rather  than  the  specimen.  The  beam 
is  deflected  with  an  additional  set  of  scanning  coils  so  that  it 
selects  the  same  target  (pixel  point)  but  can  approach  that  spot 
from  two  different  angles.  The  images  appear  to  have  been 
generated  by  scanning  the  specimen  at  different  tilt  angles. 

This  concept  was  improved  by  Boyde  et  al  (51).  The  special  scan 
coils  are  placed  in  the  final  lens  bore  enabling  the  SEM  chamber 
to  be  uncluttered.  The  system  was'  used  for  real-time  three 
dimensional  display.  This  led  to  a  configuration  with  dual  TV 
displays  for  the  pairs  which  are  viewed  with  a  variety  of 
r,  rei  roscopie  systems.  One  novel  observation  method  was  to  view 
S  imposed  pairs  on  color  TV  monitors  1 5 2 ]  .  The  left  image  was 
i  .  green  and  the  right  image  in  red.  With  appropriate 
■glasses"  the  3-D  images  could  be  viewed  by  3ny  number  of 
c'l'S 5 r ve r s .  This  is  analogous  to  the  3-D  movies  made  popular 
during  the  nineteen  fifties.  Further  detail  on  real-time  TV 
stereo  systems  may  be  found  in  Boyde * s  excellent  review  paper 
iSai  and  the  text  by  Goldstein  et  al  |54)  . 
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The  ability  to  make  accurate  measurements  of  the  third 
dimension  from  SEM  stereo  pairs  had  evolved  as  a  method,  but 
its  manual  implementation  was  tedious  and  impractical.  It 
took  too  long  to  extract  meaningful  data  about  the  surface, 
this  was  true,  even  in  the  biological  sciences,  where  feature 
extraction  is  of  primary  concern.  The  situation  was  worse 
for  the  physical  sciences  (e.g.  tribology)  where  surface  top¬ 
ography  is  often  characterized  in  terms  of  geometric  statistics. 
Computation  of  rms  values,  or  spectral  moments,  from  stereo 
pairs  remained  intractable.  The  need  for  automated  measuration 

was  obvious,  and  this  led  to  the  introduction  of  digital  image 
processing  concepts  into  stereometry. 

A  semi-automated  method  was  described  by  Boyde  [55]  in 
1974  where  the  Quantimet  Image  Analysis  system  was  used  to  do 
;  line  measurements  from  the  Quantimet  TV  displays  of  the  pairs. 
Tv '  actual  procedure  requires  operator  identification  of  matched 
points.  The  operator  must  also  remember  what  pairs  of  points 
mp  selected  on  the  first  image  before  he  matches  them  in  the 
second  image.  the  parallaxes  are  measured  by  a  "cursor"  and 
the  relocation  automated  with  a  programmable  calculator.  The 
method  is  still  extremely  cumbersome  and  in  addition,  must 
cope  with  nonlinearity  of  the  CRT  display.  One  point  of  major 
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interest,  however,  is  that  the  Quantinet  and  SDT  TV  scan  systems 
were  used  as  a  digital  scan  generator  with  controlled  scan  rates. 
This  is  a  powerful  concept  which  will  be  fully  exploited  in  the 
next  generation  SEM  image  processing  systems.  Improvements  in 
the  usefulness  of  this  integrated  SEM-  computer  system  were 
published  by  Howell  [56]  in  1975.  A  BASIC  programme  was  written 
to  include  central  projection  images  and  to  rid  of  a  attendent 
distortion  due  to  scan  coil  non-linearities.  The  latter  became 
significant  with  the  increased  beam  scan  angles  used  at  low 
magnification. 

In  the  midst  of  these  advances  toward  making  stereometry 
practical,  the  resolution,  accuracy  and  precision  of  the  method 
pmained  undefined.  Horizontal  resolution  for  the  SEM  was  well 
1  ir.l  cd.  For  commercial  instruments,  typical  values  are 
100A°.  The  theoretical  vertical  resolution  in  pairs  measure¬ 
ments  is  dictated  by  the  parallax  and  tilt  angle  differences. 

This  is  clear  from  the  expression  for  the  height.  Relative  to 
the  left  (less  tilted)  image  plane: 

Xr  cos  a  -  Xr  _  P 
XL  = _ _ 

sina  sina 
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P  =  Parallax 

a  =  Tilt  Angle  Difference 

The  smallest  resolvable  parallax  difference  is  limited 
to  ~100A°.  The  height  resolution  then  depends  on  a;  the 
larger  the  angle  the  smaller  the  height  resolvable. 

Typically,  tilt  angles  of  6°  -  10°  were  selected  for 
generating  pairs.  This  is  the  range  of  angles  subtended 
by  the  human  eyes  when  viewing  at  normal  close  distance  =  25  cm. 
Such  angles  are  therefore  needed  to  view  stereoscopically. 
Clearly,  this  imparts  unnecessary  limitation  to  the  method, 
but  the  habit  has  persisted.  This  practice  is  even  more 
surprising  when  it  is  recognized  that  the  larger  the  tilt  angle, 
the  greater  the  apparent  difference  in  height.  This  translates 
into  better  accuracy  for  bigger  tilt  angles,  all  other  variables 
held  constant. 

The  first  careful  study  of  accuracy  (internal  errors)  was 
documented  in  a  Ph.D.  thesis  by  Maune  [57]  in  1973.  This  is 
not  to  say  that  major  sources  of  error  had  not  been  identified 
nor  solutions  been  achieved.  In  fact,  many  such  results  have 
already  been  discussed  here.  Rather,  a  systematic  methodology 
to  quantify  accuracy  had  not  been  provided.  As  a  result  of 
using  advanced  photogrammatic  self-calibration  techniques,  Maune 
was  able  to  surpass  accuracy  in  angle  and  height  measurements 
for  otherwise  uncorrected  SEM-stereo  methods  by  1-2  orders  of 
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magnitude.  It  was  demonstrated  that  angle  and  height  measure¬ 
ments  could  be  made  with  standard  deviations  of  0.5°  and  220A°, 
respectively. 

Care  must  be  taken  when  considering  these  results.  Appropriate 
corrections  for  CRT  non-linearity,  such  as  provided  by  Boyde 
[55],  would  considerably  help  results  from  "otherwise  uncorrected" 
procedures.  Further,  the  procedure  is  extremely  time  consuming, 
and  must  ;be  repeated  for  every  set-up. 

What  is  significant  about  Maune's  results,  other  than  the 
novelty  of  his  approach,  was  the  observation  that  such  a  method 
can  take  out  errors  which  would  otherwise  be  considered  random. 

This,  then  optimizes  the  accuracy. 

Precious  little  progress  in  advancing  stereometry  has  been 
revealed  since  1975.  Several  noteworthy  tutorials  by  Boyde 
,n  :  Howell  [58]  and  Boyde  [53]  have  been  published.  These 
summarize  past  achievements  and  evaluate  non-stereometric  methods. 
The  latter,  and  their  shortcomings,  are  discussed  in  sections 
1.1  and  1.2.  Two  exceptions  are  the  development  of  commercial 
beam  tilt  systems  reviewed  by  Pawley  [59]  and  the  creation  of 
a  semi-automated  stereomicroscopy  system  described  in  [60]. 

The  bottleneck  for  stereometry  is  the  tedious  manual 
measuration  procedure.  The  solution  is  a  fully-automated 
matching  and  relocation  scheme.  The  difficulty,  however,  arises 
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in  the  need  to  replace  the  human  eye-brain  combination  with  an 
automated  method  to  match  physical  points  between  images  prior  to 
relocation.  The  availability  of  correlation  software  will 
provide  the  remaining  breakthrough  to  enable  practical  stereo¬ 
microscopy.  This  problem  is  addressed  in  Phase  II  of  this 
program. 

III. 2. 4  SEM  Stereo  Hardware-Measurement  Systems 

There  exist  a  variety  of  methods  and  associated  systems  for 
viewing  and  presenting  stereo  pairs.  '  It  is  possible  for  a 
practiced  observer  to  fjse  properly  mounted  stereo  pairs  without 
the  aid  of  any  stereo-viewing  device.  A  comprehensive  evalu¬ 
ation  of  pocket  viewers  was  given  by  Emlen  161].  Simple  lens 
viewers  and  prism  viewers  were  also  discussed  by  Howell  [56]  and 
more  recently  by  Boyde  [53]. 

For  larger  format  photographs  so-called  multi-mirror  (2  or  4) 
stereoscopes  are  suitable.  Neubauer  and  Schnitger  [62]  and 
Haanstra  [63]  describe  the  two  and  four  mirror  version,  respectively. 
More  sophisticated  methods  for  stereo  observation  are  the  polaroid 
filter  system  and  the  anaglyph  projection  system  [51,64,65]. 

These  are  commonly  used  to  display  stereo  slides  to  large  audiences. 

Dynamic  stereoscopy  has  been  a  recent  development  with  the 
advent  of  real  time  stereo  TV  systems  [50,51).  This  is  achieved 
by  magnetically  tilting  the  beam  instead  of  the  specimen.  Despite 
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these  sophisticated  viewing  capabilities,  measurement  of  surface 
topography  is  based  on  tedious  and  impractical  manual  procedures. 

Mensuration  from  stereopairs  may  also  be  achieved  with 
instruments  exhibiting  various  levels  of  complexity  and  cost. 

The  most  straight  forward  approach  is  direct  measurement  with 
a  linear  scale  as  done  in  the  experimental  portion  of  this  work 
discussed  in  Section  IV.  Reconstruction  from  separate  measure¬ 
ments  of  pairs  can  also  be  achieved  in  more  sophisticated  fashion. 
The  synthesis  of  the  Imanco  Quantiment  Image  Processing  System 
with  an  SEM  as  described  earlier  (See  Boyde  1974,1975)  enables 
a  "cursor-type"  measurement  using  picture  points  and  automated 
relocation  computations  with  a  desk  top  calculator. 

All  other  methods  documented  to  date  produce  digital  or  analog 
data  from  pairs  and  involve  use  of  the  stereoscopic  observation 
process.  These  instruments  make  use  of  the  floating  mark  or 
dot  concept.  The  floating  dot  is  merely  a  device  by  which 
overlapping  (fused)  identical  features  can  be  sighted  with 
precision.  A  light  spot  is  superimposed  on  stereoscopically 
observed  pairs  such  that  it  appears  in  the  optical  plane  at  a 
matched  image  point.*  In  most  photogrammetr ic  instruments 
it  consists  of  two  components  superimposed  on  each  member  of  a 


*See  Boyde  [53]  for  detailed  explanation  of  how  to  create  a 
floating  mark  with  stereo  observation. 
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stereo  pair.  Each  dot  can  be  moved  with  respect  to  the  image 
to  which  it  relates,  and  the  two  spots  can  be  moved  with  respect 
to  one  another  so  that  they  overlie  features  which  are  at  dif¬ 
ferent  separation  distances. 

I I I . 2 . 4 . 1  Stereoscopes 

Mirror  stereoscopes  with  parallax  measuring  facilities 
and  a  combined  photo-mounting  platten  attached  to  a  parallel 
guidance  mechanism  so  that  all  areas  of  the  stereo  model  can 
be  inspected  and  measured  [66,67,68]  are  the  simplest  and  most 
economical  aid  to  making  accurate  "stereo"  measurements.  They 
are  used  for  simple  stereoviewing  and  for  parallax  measurements 
using  the  floating  mark  technique  -  the  best  kind  is  that  in 
which  the  two  components  of  the  semi-silvered  second  pair  of 
mirrors  of  a  four  mirror  stereoscope  system  (as  in  the  SB180 
and  SB190  series  instruments ) [66 , 67 ] .  Simple  height  differences, 
like  the  depths  of  pits,  grooves  or  depressions,  are  obtained 
with  the  unmodified  instrument.  Boyde  [53]  noted  that  two 
simple  additions  to  such  an  instrument  increase  its  usefulness 
enormously.  Firstly,  one  may  add  a  drawing  stencil  to  the  photo- 
platten  assembly  [66] .  This  makes  it  possible  to  trace  out  lines 
of  equal  parallax  difference  (height)  bi  moving  the  photo-plattens 
by  hand  so  as  to  keep  the  floating  mark  in  contact  with  the 
ground.  Secondly,  one  may  add  an  Xl,  Ylcr  co-ordinating  measuring 
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system,  which  may  be  as  simple  as  a  piece  of  graph-paper  fastened 
underneath  the  plattens  or  as  a  complex  as  a  mechanical  stage  (69] 

III. 2. 4. 2  Stereoplotters 

It  is  probable  that  most  complex  air  survey  photogr ammetr ic 
plotting  instruments  could  be  used  to  obtain  the  necessary  3-D 
data  from  SEM  images.  Such  instruments  have  been  used  for 
this  purpose  [70,71]  but  they  are  in  the  same  range  of  cost  as 
electron  microscopes.  Even  special  EM  stereoplotters  may  be 
expensive  and  complicated  [68,72]. 

If  one  examines  the  parallel  projection  equations,  for  exampl 
the  left  photo  datum  plane 

Zl  =  XL  cos  a  -  xR 
sina 

He  finds  that  there  is  no  simple  relationship  between  height 
and  parallax  which  one  can  use  in  a  mechanical  plotting  instru¬ 
ment.  If,  however,  one  modifies  all  the  X^  co-ordinates  by 
multiplying  them,  mechanically  or  optically,  by  cos  a ,  then 
a  modified  parallax  which  is  in  constant  relationship  to  height 
differences  is  the  solution  we  achieve  by  placing  a  cylindrical 
lens  close  to  one  of  the  images  to  apply  the  scale  correction. 

The  resulting  instruments  (EMPD245)  were  designed  to  deal  with 
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a  constant  tilt  angle  difference  {  a =  10°  for  EMPDl  and  9°34 ' 
for  EMPD2)  stereo  pairs  and  to  give  (1)  immediate  digital  read-out 
of  height  differences  in  millimeters  at  the  plot  scale,  (2)  contour 
maps,  and  (3)  profile  sections  in  any  chosen  direction  through 
the  3-D  image,  the  contour  interval  being  chosen  in  'mm'  at  the 
plot  scale,  and  the  profiles  to  true  height  scale  for  stereo 
pairs  taken  with  the  designed  tilt  angle.  The  instruments 
were  also  suitable  for  SEM  stereo  work.  Another  example  of  such 
an  instrument  is  the  Zeiss  Stereocord  (73] . 

III. 2. 4. 3  Other  Instrumentation 

Specimen  X,  Y  and  Z  co-ordinates  can  be  measured  directly 
using  the  specimen  stage  X,  Y  and  Z  micrometers  and  without 
knowing  the  magnification,  principal  distance  or  tilt  angle 
if  one  uses  a  beam-tilt  stereo  system.  This,  conceptually, 
is  the  simplest  photogrammetr ic  instrument  for  SEM  purposes 
which  could  exist  (i.e.  the  SEM  itself).  In  principle,  the 
"left"  and  "right"  beams  in  the  SEM  cross  each  other  at  a  fixed 
point  in  space.  This  point  can  be  made  to  correspond  to  the 
place  on  the  specimen  surface  under  observation  and  whose  height 
is  to  be  measured.  The  point  is  identified  by  introducing 
a  floating  mark.  This  mark  may  consist  of  two  components  - 
a  bright  cursor  mark  of  equal  intensity  displayed  in  the  same 
position  in  both  the  red  and  the  green  images  [52,59];  or,  it 
may  be  a  single  black  mark  placed  in  the  center  of  the  color  TV 

SKF  TECHNOLOGY  SERVICES  2  4 

SKF  INDUSTRIES.  INC 


dU. 


*  ■»  . 


AT83D001 


monitor.  Features  are  brought  into  register  with  the  floating 
mark.  Even  without  stereopsis,  it  is  possible  to  adjust  the 
specimen  height  (Z)  and  position  (X,Y)  so  that  the  feature, 
in  both  the  red  and  green  images,  is  in  register  with  the 
marks  [52].  Using  stereoscopic  observation,  this  adjustment  is 
achieved  more  rapidly  and  more  reliably.  The  co-ordinates  of 
the  point  brought  register  with  the  floating  mark  are  the  X,Y,Z 
specimen  stage  readings.  The  X,Y,Z  controls  could  easily  be 
attached  to  digitizing  encoders,  and  the  co-ordinates  fed,  at 
the  press  of  a  switch,  to  computer  memory  and/or  tape  store 
for  later  processing.  Such  a  system  would  save  greatly  on 
photographic  and  accessory  instrumental  costs. 

The  future  instrumentation  of  SEM  photogr amn etry  according 
to  Boyde  [53]  will  be  toward  hybrid  systems,  which  are  fed  out 
as  digitized  positional  information  to  a  programmable  calculator 
and  plotter.  We  would  expand  this  projection  to  micro-computer 
based  images  processing  systems  with  automatic  pairs  measuration 
capability.  The  lack  of  automated  mensuration  will  prelude 
stereo  pairs  from  being  a  practical  means  to  characterize  surface 
roughness.  Our  efforts  in  Phase  II  will  overcome  this  critical 
hurdle . 
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III. 3  Image  Processing  for  SEM 

III. 3.1  Digital  Processing  of  SEM  Images:  Techniques 

The  image  produced  by  the  scanning  electron  microscope 
consists  of  either  a  series  of  discrete  lines  or  discrete  points. 

The  former  refers  to  analogue  scanning  and  the  latter,  digital 
scanning;  each  of  the  two  representations  lends  itself  to  the 
various  signal  processing  techniques  available  in  today's  tech¬ 
nology.  The  objective  of  the  following  discussion  will  be  to 
summarize  the  application  of  those  techniques,  chiefly  digital, 
which  characterize  the  state-of-the-art  in  SEM  related  data  processing. 

Major  advances  have  been  made  in  the  area  of  digital  pro¬ 
cessing  and  as  a  result  of  its  application,  image  processing  has 
also  experienced  accelerated  growth.  This  is  evidenced  most 
noticeably  in  earth  and  space  observation  applications  primarily 
through  which,  major  developments  have  resulted  [1,2]. 

Although  signal  and  image  processing  capabilities  exist  in 
conjunction  with  other  technologies,  it  is  only  of  recent  that 
these  techniques  have  been  incorporated  into  the  SEM  environment. 

In  order  to  review  these  recent  developments,  it  becomes  necessary 
to  define  the  various  processing  methods  and  their  role  in  the 
variety  of  SEM  applications. 

Generally,  techniques  for  image  processing  are  divided  into 
three  major  areas:  information  extraction,  image  enhancement, 
and  image  restoration. 
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Information  extraction  provides  the  user  with  such  numerical 
data  as  number  of  particles,  size  distribution  of  particles, 
feature  recognition,  etc.  [3],  In  1968,  White,  McKinstry  and 
Johnson  [4]  reported  a  scheme  for  the  measurement  of  particle 
size,  distribution,  and  particle  recognition  for  the  determination 
of  shape  and  orientation  from  SEM  images.  They  employed  an  analog 
to  digital  conversion  which  was  binary  coded  and  applied  data 
contouring  methods.  A  year  later,  McMillon  et  al  [5],  published 
improvements  on  the  earlier  processing  design  with  the  addition 
of  smoothing  techniques  to  reduce  noise  content.  Further  dev¬ 
elopments,  with  the  introduction  of  line  integration  techniques 
and  least  squares  fitting  to  ellipses,  were  presented  by  Matson 
et  al  [6].  Feature  identification  is  a  central  issue  in  the 
matching  of  stereo  pairs  and  although  the  aforementioned  designers 
involved  a  high  degree  of  user  involvement,  more  sophisticated 
interactive  processing  capable  of  complex  pattern  recognition 
is  available  [3,7] . 

Image  enhancement  refers  to  improvement  to  the  image  which 
results  in  a  more  appealing  picture  and  due  to  its  subjective 
nature,  this  type  of  image  modification  is  not  intended  to  provide 
quantitative  or  numerical  data  of  any  kind  (but  may  serve  in 
a  preprocessing  capacity).  Enhancement  techniques  typically 
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involve  reduction  of  noise  by  analogue  or  digital  filtering, 
differentiation,  adjustment  of  grey  level  distribution,  focusing 
considerations,  etc.  In  terms  of  SEM  signals,  Fiori  et  al  (8) 
describes  several  signal  processing  operations  which  result 
in  enhanced  image  detail.  These  include  differential  signal 
amplification,  nonlinear  amplification  and  time  differentiation. 
The  first  time  derivative  provides  enhanced  contrast  at  the 
edges  and  will  generate  oblique  illumination.  The  second  time 
derivative  enhances  edge  contrast  and  produces  the  appearance 
of  vertical  illumination.  The  super- imposition  of  orthogonal 
scans  eliminates  the  information  loss  due  to  the  directionality 
of  the  time  derivatives.  The  application  of  enhancement  tech¬ 
niques  to  sharpen  detail,  alter  illumination,  and  insert  depth 
appearance  will  usually  invalidate  the  processed  image  from 
further  quantitative  analysis  and  in  some  cases  bear  little 
mathematical  resemblance  with  the  object  image. 

Image  restoration  techniques  correct  and  upgrade  images  by 
specifying  the  degradation  process  in  a  mathematical  form 
and  applying  the  inverse  numerically  to  the  images.  Jones 
and  Smith  [9]  summarize  many  of  the  digital  image  processing 
operations  performed  in  restoration  of  SEM  images.  They  include 
correction  of  geometric  distortion,  grey-scale  modification, 
digital  filters,  homomorphic  filters,  filters  for  systematic 
noise,  Wiener  or  least- squares  filters,  filters  for  symmetric 
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images  differentiation  (isotrapic),  averaging  techniques  and 
signal  mixing.  In  1969,  Simon  [10]  applied  information  theory, 
which  was  formulated  for  the  communications  field,  to  the  signal 
generated  by  the  SEM  and  established  mathematical  foundation 
for  the  optimization  of  signal- to-noise  ratio,  least  mean  square 
optimization,  and  high-pass  filtering.  In  these  areas  there 
have  been  numerous  developments  and  contributions  formulated 
and  tailored  specifically  for  increased  capability  and  performance 
of  the  SEM  system. 

A  modified  optimal  Wiener  filter  was  developed  by  Lewis 
and  Sakison  [11].  The  model  incorporated  an  analysis  of  the 
properties  of  the  SEM  signal  and  the  noise  content  (degradations 
process).  Newbury  and  Joy  [12]  describe  improvements  in  the 
SEM  signal/noise  ratio  through  statistical  evaluation  of  the 
grey  level  distribution.  This  procedure  allows  noise  to  be 
extracted  from  the  high-frequency  (high  resolution)  portion 
of  the  SEM  signal  without  utilizing  probability  considerations. 

Yew  and  Pease  [13]  have  also  utilized  the  extensive  studies  in 
information  theory  to  grey  level  content  in  picture  elements. 

The  processing  system  employs  an  electrostatic  storage  device 
to  carry  out  geometric  correction,  noise  averaging  (nearest 
neighbor  averaging)  and  signal  to  noise  enhancement  by  integration. 
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The  advent  of  inexpensive  mini-computer  interfaces  for  the 
SEM  has  opened  the  possibility  for  extensive  on-line  processing. 
Software  availability  then  provides  for  the  implementation  of 
a  variety  of  image  processing  algorithms.  Recent  examples 
are  on-line  gradient  processing  documented  by  Smith  et  al  [14], 
and  the  computation  of  diffractograms  from  two-dimensional 
transforms  [ 15 ] . 

It  is  clear  that  on-line  processing  of  SEM  images  via  small 
computers  will  continue  to  evolve  as  the  dominant  means  of 
providing  image  analysis  capabilities.  Hard  wired  functions 
are  too  limited  and  reguire  regeneration  of  an  image  for  each 
processing  step.  Image  analysis  systems  are  expensive  and 
inflexible. 


1 1 1 . 3 . 2  Digital  Processing  of  SEM  Images:  Hardware  Evolution 
The  developments  of  image  analysis  systems  for  SEM  has  fol¬ 
lowed  a  natural  progression  from  hard  wired  functions  to  image 
analysers  to  on-line  processing  via  digital  computers.  This 
is  analogous  to  the  hardware  evolution  found  in  other  disciplines 
utilizing  digital  signal  processing  (e.g.  photog r ammetry ,  acoustics, 
radar,  etc.)  and  is  due  to  the  rapid  development  of  inexpensive 
small  (mini/micro)  computers. 

By  the  early  1970's  various  analogue  processing  functions 
were  commercially  available.  These  included  black-level  suppression, 
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Gamma  and  Y-modulation.  These  real  time  capabilities  suffered 
from  obvious  limitations:  a)  they  destroyed  the  original  image, 
b)  they  were  inflexible  with  each  operation  demanding  its  own 
electronic  module.  Corrections  to  these  difficulties  were 
preposed. 

Catto  and  Smith  [1]  developed  a  storage-display  system 
enabling  the  restoration  of  the  image  at  preselected  stages  of 
processing.  Paden  et  al  [2]  proposed  a  "new  generation"  SEM 
design  by  utilizing  digital  techniques  for  scan  generation. 

This  system  provided  for  brightners  compensation  over  the  full 
range  of  scan  periods,  allowed  for  control  of  various  video 
processing  functions  and  enabled  alpha-numeric  data  to  be  super¬ 
imposed  on  the  displayed  image. 

Subsequently,  image  analyzers  began  to  emerge  as  a  means 
of  accommodating  complex  image  processing  problems.  These  in¬ 
struments  (e.g.  [3]),  are  specialized  hard-wired  counters 

capable  of  feature  extraction  from  video  pictures.  At  this 
time,  the  cost  of  an  analyzer  was  below  that  of  a  mini-computer 
with  sufficient  disc  storage  for  handling  SEM  images.  However, 
the  cost  of  small  computer  systems  continued  to  drop  dramatically, 
so  that  the  flexibility  offered  by  the  digital  computer  was 
powerful  incentive  to  develop  mini-computer  based  processing 
systems. 

An  excellent  review  paper  on  the  computer  control  of  the 
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SEM  was  published  by  Herzog,  Lewis  and  Everhardt  [4]  in  1974. 

Here,  the  type  of  interfacing  required  for  scan  control  and 
data  acquisition  was  described.  Expectedly,  computer  con¬ 
trolled  image  analysis  systems  began  to  emerge  (Lebiedzik  (5]), 
described  a  multiple  detector  method  for  performing  micro- 
topographic  characterization  using  the  type  of  interface  outlined 
in  [6).  Alternatively,  Oran  and  Gilbert  configured  an  on-line 
processing  system  that  tracks  the  pixel  output,  as  opposed 
to  controlling  the  scan,  and  digitizes  the  data  for  post-processing. 
Scan  control  is  seen  as  preferable  because  it  avoids  the  inherent 
processing  speed  problems  encountered  when  trying  to  keep  up 
with  the  usual  SEM  scan. 

Recently,  Jones  and  Unitt  [7]  reiterated  the  favorable 
field  response  to  computer-controlled  systems.  Their  review 
paper  describes  the  hardware  interfaces  for  existing  systems, 
interactive  peripherals,  available  software  and  some  published 
systems.  It  concludes  by  describing  the  next  step  in  SEM 
automation,  the  use  of  microprocessor  for  control  of  system 
functions  and/or  mechanical  hardware. 
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III. 3. 3  Related  Software 

The  software  requirements  for  an  automated  stereometry 
system  are  numerous:  scan  control  algorithms,  image  enhancement, 
pattern  recognition  and  other  image  processing  capabilities, 
image  correlation  (matching  algorithm),  feature  extraction 
and  digital  mapping  modules. 

A  software  package  to  perform  all  the  necessary  pre  and 
post  processing  tasks  is  non-existant.  However,  programs 
have  been  devised  to  perform  a  sub-set  of  the  data  processing 
operations  required.  In  the  following,  a  sample  of  available 
program  systems  and  their  respective  capabilities  will  be 
presented . 

Program  system  DIMES  (Digital  Image  Manipulation  and 
Enhancement  Systems)  [1]  is  capable  of  performing  various 
grey-level  manipulations,  geometric  alterations,  image  combination, 
and  analysis  for  production  of  histograms,  etc. 

The  VICAR  system  (Video  Image  Communications  and  Retrieval 
System)  [21  contributes  a  general  image  processing  system.  VICAR 
suitable  for  IMB  360  or  370  computers  only,  does  not  offer  a 
range  of  operations  that  is  really  suited  to  election  microscopy. 
Other  serious  disadvantages  include:  huge  disk  requirements 
and  a  very  cumbersome  non- interactive  control  language. 

Frank  and  Shimkin  (3]  introduce  image  processing  software 
designed  for  the  SEM.  SPIDER  (System  for  Processing  of  Image 
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Data  in  Electron  Microscopy)  is  a  user-oriented  system  providing 
the  electron  microscopist  with  such  capabilities  as  box  con¬ 
volution,  point  mapping  operations,  Fourier  operations  and  three- 
dimensional  reconstruction.  It  is  an  interactive  system  of 
programs  closely  linked  to  the  RSX-11  operating  system  of 
PDP-11  series  computers. 

Another  system  well  suited  to  electron  microscopy  is 
MDPP  [4].  Functionally  similar  to  SPIDER,  it  lacks  inter active 
display  facilities  and  runs  only  on  IBM  370  computers. 

A  third  system  intimately  connected  with  EM  is  SEMPER  [5]. 

A  very  powerful,  modular  network  which  is  implemented  as  a  high 
level  image  processing  language.  It  has  excellent  expansion 
capability  and  it  is  quite  portable  (i.e.  runs  in  several 
computer  environments) .  The  overhead  of  the  system  is  associated 
with  its  power.  One  must  be  imtimately  familiar  with  the 
SEMPER  language  to  use/expand  its  capabilities. 

Software  for  the  application  of  other  standard  digital 
image  processing  techniques  for  SEM  is  available  in  programs 
like  CESEMI  [6].  CESEMI ,  capable  of  feature  extraction  on 
machined  surfaces,  can  be  quite  useful  in  quantifying  the  topog¬ 
raphy  of  scratches,  pits,  grooves  and  other  tribologically 
significant  surface  features.  Analogous  software  is  offered 
by  Lemont  Scientific  [7]. 
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Beyond  pre-processing  of  the  digital  image,  both  recognition 
and  matching  software  are  required  to  automate  the  extraction 
of  microtopog raphic  data  from  the  stereo  pairs.  While  appropriate 
software  was  not  available  for  the  SEM,  its  parent  programs 
have  evolved  in  the  area  of  aerial  photog rammetry. 

Development  of  digital  photog rammetry  using  a  stereo  pair 
of  digitized  images  was  motivated  by  the  need  to  extract  topo¬ 
graphical  information  from  terrain  data  obtained  from  a  wide 
range  of  sensors.  The  work  reviewed  below  was  either  done 
at  the  U.S.  Army  Engineer  Topographic  Laboratories  (USAETL) 

[8-12]  or  for  USAETL  by  Control  Data  Corporation  [13]  and  by 
Bendix  Research  Laboratories  for  the  U.S.  Air  Force  Rome  Air 
Development  Center  (RADC)  [14,15].  While  the  basic  approach 
for  both  the  USAETL  and  RADC  digital  mapping  systems  is 
the  same,  the  development  of  operating  systems  was  molded  by 
their  respective  needs. 

Software  responsible  for  image  mapping  and  data  presentation 
is  given  in  [16-18].  These  systems  are  general  purpose  in 
nature  and  require  the  support  of  a  large  mainframe  because 
of  CPU  requirements.  Therefore,  it  is  necessary  to  develop 
special-purpose  software  packages  for  specific  hardware  con¬ 
figurations.  Most  graphics  hardware  manufacturers  support 
controller  software  so  that  generation  of  special  purpose  appli¬ 
cations  packages  is  feasible.  Similar  software  for  computation 
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of  surface  statistics  is  available  [19],  but  too  extensive  to 
be  practical  for  this  application. 

The  left  image  of  the  stereo  pair  is  used  as  the  independent 
image.  The  matching  procedure  consists  of  selecting  a  point 
on  the  left  image  and  then  searching  for  the  conjugate  point 
on  the  right  image.  Stereo  matching  procedure  starts  from 
a  known  set  of  matched  points  and  proceeds  along  an  infiltration 
path  [9,13]  on  the  left  image  until  the  complete  image  has  been 
matched.  A  correlation  coefficient  calculated  over  an  area 
centered  at  the  estimated  location  of  the  match  point  on  the 
right  image  is  used  as  the  matching  criterion  [10,14].  The 
location  of  the  maximum  correlation  gives  the  actual  match  point. 
The  large  amount  of  data  processing  is  reduced  by  data  compaction 
using  statistical  coding  techniques  and  specialized  scanning 
procedures  like  epipolar  scan  [7,12].  Epipolar  lines  reduce 
the  search  process  to  one  dimension.  In  the  SEM  environment, 
these  are  lines  perpendicular  to  the  tilt  axis.  The  computation 
time  for  the  correlation  calculations  is  reduced  further  by 
parallel  processors  using  micro-programmable  flexible  processors 
[10].  The  parallel  processing  hardware  effects  a  compromise 
between  the  speed  of  a  hard-wired,  special  purpose  correlator, 
and  the  flexibility  of  a  large  general  purpose  computer.  The 
algorithms  developed  in  [7],  [9]  and  [11]  have  been  modified 
to  exploit  the  speed  of  parallel  processors  and  an  interactive 
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digital  mapping  system  is  being  developed  [13]  based  on  the  modified 
algorithm. 

A  multi-channel  optical  correlator  system  has  been  developed 
by  Bendix  Research  Laboratories  [14]  for  the  rapid  extraction 
of  terrain  elevation  information  from  aerial  photographs.  The 
automated  system  matches  small  areas  of  two  photographs  along 
a  conjugate  pair  of  epipolar  lines  by  introducing  a  parallax 
between  the  two  photographs  and  calculating  correlation  coefficients 
simultaneously  for  the  complete  epipolar  line  by  using  a  multi¬ 
channel  processor.  The  two  photographs  are  then  advanced  at 
a  steady  profiling  velocity  in  a  direction  perpendicular  to  the 

epipolar  lines.  A  similar  mapping  strategy  is  used  in  the 
AS-11B-X  Automated  Stereomapper  System  [15]  which  uses  a  laser- 
scanner  and  parallel  processor  digital  hardware  instead  of  an 
electro-optical  correlator.  Use  of  a  laser  scanner  yields 

h'gher  signal  to  noise  ratio  than  a  CRT  scanner,  permitting 
a  higher  speed  of  basic  data  collection.  Scanning  time  is 
reduced  further  by  scanning  simultaneously  along  many  conjugate 
epipolar  lines.  The  measured  profiles  are  stored  in  the 
correlator  and  correlation  operations  are  performed  using  digital 
parallel  processing.  Post  processing  of  correlate1  data  is 
done  off  line  to  enable  each  phase  to  proceed  without  impeding 
the  other.  The  AS-11B-X  system  is  capable  of  processing  about 
40mm2  per  second. 
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The  algorithms  reviewed  above  can  be  adapted  for  stereo 
photog rammetry  using  SEM  images.  Using  epipolar  lines  to 
reduce  the  search  to  a  one  dimensional  process  combined  with 
parallel  processing  offers  the  best  choice  for  a  high  speed 
interactive  system. 


III. 4  Applications  of  SEM  Stereomicroscopy:  Past  and  Future 
SEM  stereomicroscopy  has  been  used  to  study  surface  texture 
in  both  biological  and  physical  sciences.  A  short  review  of 
some  applications  of  stereomicroscopy  is  presented  to  demonstrate 
its  general  appeal.  Potential  new  applications  for  the  tech¬ 
nique  were  also  cited. 

In  biological  sciences  the  SEM  is  used  in  the  study  of  cells 
(cytology)  and  of  tissues  and  organs  comprised  of  cells  (histology) . 
The  tissues  studied  include  hard  or  "skeletal"  tissues  which  resist 
gross  deformation  of  the  tissue  upon  removal  of  the  minor  water 
content  [1]  and  soft  tissues  which,  having  a  large  water  content, 
deform  during  the  SEM  scanning.  Soft  specimens  require  extensive 
sample  preparation  and,  consequently,  a  careful  interpretation 
of  the  observed  images  to  separate  out  the  effects  of  sample 
treatment  [1].  Boyde  et  al  [1]  have  developed  a  system  to 
obtain  three  dimensional  images  of  biological  specimens. 
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In  manufacturing  technology,  the  SEM  has  been  used  for  3-D 
study  of  surface  texture.  For  example,  the  microtopography 
of  grinding  wheel  surfaces  was  evaluated  in  [2].  Surface  heights 
ranging  from  1-50  ym  were  mapped  using  a  stereotop  plotter  for 
a  variety  of  wheel  operating  conditions. 

Unique  material  science  applications  have  also  been  reported. 
In  (3],  strains  and  displacements  in  loaded  "structures"  were 
observed  and  measured.  Stereo  techniques  have  also  been  used 
to  aid  quantitative  x-ray  analysis  of  rough  surfaces  [4]. 

The  introduction  of  automated  matching  techniques  and  micro¬ 
processor  controlled,  eucentric  tilt  stage  will  provide  an 
operating  environment  for  rapid  development  of  stereo  techniques 
in  the  physical  sciences.  Such  a  system  would  lend  itself 
to  evaluation  of  surface  roughness  for  mechanical  components 
such  as  seals,  gears  and  bearings. 

Other  applications  would  include  mapping  of  soft  surfaces 
(e.g.  coatings,  magnetic  tape) ,  fractography  and  corrosion 
studies. 
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IV.  PROOF-OF-CONCEPT  EXPERIMENTS 

Two  experiments  were  carried  out  to  evaluate  the  stereo 
pairs  measuring  technique.  The  first  experiment  was  designed 
to  measure  the  height  of  an  electropol ished  step  in  a  sample  of 
M-50  tool  steel.  Once  assured  the  technique  would  provide 
reasonable  data,  a  second  experiment  was  carried  out  on  a 
specially  prepared  aluminum  SEM  stub.  Details  of  instrument 
calibration  and  measurement  procedures  are  provided  in  Appendix 
B. 


IV. 1  Description  of  the  Specimens 

Both  specimens  are  displayed  in  Figure  1.  The  M-50  tool 
steel  block  (right)  was  electropolished  for  several  seconds  to 
manufacture  a  5  urn  depression.  As  noted,  this  was  a  sufficiently 
well  defined  topography  for  the  first  experiment. 

The  aluminum  SEM  stub  (left)  was  also  electropolished 
yielding  an  approximately  10  pm  step.  In  addition,  a  rectangular 
grid  was  imposed  by  using  the  stylus  set-up  illustrated  in  Figure  2. 

The  scratches  1,  2  and  3  spaced  at  0.005  in.  provided  reference 
lines  for  the  three  profiles  4,  5  and  6.  This  sample  allowed  a 
one-on-one  comparison  between  the  stereo  pair  and  stylus  measurements. 
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IV.  2  Calibration  of  the  Profilometer  and  SEM 

The  profilometer  (stylus)  instrument  used  for  the  experiments 
was  a  Talysurf  IV.  This  is  a  standard  surface  metrology  tool 
so  that  its  use  will  not  be  described  here.  The  stylus  cali¬ 
bration  was  done  using  a  10  ym  step  created  from  JO  blocks.  The 
results  are  illustrated  in  Figure  3. 

The  microscope  was  checked  for  magnification  and  stage  tilt 
angle.  SEM  magnification  checks  were  provided  by  a  gold  grid 
with  known  hole  spacings  (Figure  4) .  Stereo  micrographs  were 
all  taken  at  a  magnification  of  503X,  the  average  value  indicated 
for  the  500X  setting  by  the  calibration  procedure  as  detailed  in 
Tables  1  and  2. 

The  mathematical  basis  for  the  stereo  pair  mensuration 
procedure  is  illustrated  in  Figure  5.  Deviation  in  surface 
heights  between  two  physical  points  (e.g.  A  &  B)  manifest  in  a 
parallax  shift  (Xl~Xr)  in  images  taken  at  two  different  orientations 
( r  l  and  Yr)  .  At  high  magnification,  the  SEM  is  a  parallel 
projection  instrument  so  that  the  relative  height  as  viewed  from 
the  left  ..mage  plane  is  ZL.  In  the  stylus  reference,  the  relative 
height  transforms  to  Zy. 

Analysis  of  the  equations  used  to  determine  asperity  heights 
from  stereo  pair  photographs  indicates  that  the  tilt  angle  and 
angular  differences  must  be  reproducible  and  known  with  a  high 
degree  of  accuracy.  Clearly,  the  conventional  method  of  fixing 
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a  tilt  angle  by  a  rotating  dial  on  the  SEM  chamber  door  is 
inadequate  for  quantitative  measurements. 

An  aluminum  stop  was  manufactured  to  correct  this  problem. 
This  stop  was  designed  to  yield  stereo  pairs  at  30°  and  40°  tilt 
angles  with  an  angular  difference  of  10°  between  pairs. 

In  order  to  measure  the  tilt  angles  it  was  necessary  to 
remove  the  SEM  stage  from  the  chamber.  This  was  done  using  the 
sine  table  and  stylus  arrangement  shown  schematically  in  Figure 
6.  Unfortunately,  the  stylus  method  utilized  to  measure  tilt 
angles  will  not  take  into  account  any  out  of  plane  motion  due  to 
the  SEM  door  hinges.  The  actual  tilt  angles  were  31.469°  and 
40.485°  with  an  angular  difference  of  9.016°  between  stereo  pairs. 
Documentation  of  the  various  trials  to  arrive  at  these  averages 
is  given  in  Table  3.  The  estimated  reproducibility  of  the  system 
was  +  0.1°  from  the  average  tilt  angle.  This  tilt  angle  was 
considered  acceptable.  The  calibrated  arrangement  is  shown  in 
Figure  7. 

Stylus  traces  from  the  M-50  sample  are  shown  in  Figure  8. 

The  profile's  lines  (1)  and  (2),  begin  at  the  center  of  the 
electropol ished  depression  and  progress  along  mutually  orthogonal 
radial  lines  up  the  step  to  the  unpolished  portion  (top)  of  the 
specimen.  The  maximum  step  heights  along  directions  (1)  and  (2) 
are  5.8  urn  and  5.6  urn,  respectively.  These  vary  depending  on  the 
selected  points  (X  values)  and  the  observed  range  in  step  heights 
is  4.6  um  to  5.8  pm. 
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Stereo  micrographs  for  the  M-50  specimen  are  displayed 
in  Figure  9.  Step  heights  were  measured  between  various  points 
below  and  above  the  "ridge"  (bright  region  in  center  of  micrographs) 
and  perpendicular  to  the  tilt  axis.  As  indicated  by  Table  4, 
these  values  ranged  from  4.38  u  m  to  5.81pm  with  an  average  of 
5.3  urn.  These  results  demonstrated  that  the  technique  employed 
to  make  the  stereo  pair  was  proper  and  the  method  provided 
reasonable  height  data. 

A  similar  procedure  was  carried  out  for  the  aluminum  SEM 
stub  sample.  Stereo  micrographs  of  a  portion  of  this  specimen 
are  shown  in  Figure  10.  At  500X  only  scratch  lines  2  and  3, 
at  the  bottom  and  top  of  the  "ridge",  are  visible.  Therefore, 
pairs  measurement  of  the  step  heights  were  taken  between  scratch 
lines  2  and  3  along  trace  lines  4,  5,  and  6. 

The  stylus  traces  are  displayed  in  Figure  11.  Measurements 
were  made  from  the  bottom  of  scratch  2,  clearly  indicated  by 
a  sharp  spike  in  each  trace,  to  the  bottom  of  scratch  3.  The 
results  are  listed  in  Table  5,  and  demonstrate  that  the  pair 
measurements  are  less  than  ten  percent  in  error  compared  to 
the  stylus  results.  As  such,  the  procedure  is  quite  reliable, 
at  least  for  surface  measurement  on  the  order  of  1  pm. 
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V.  NECESSARY  DEVELOPMENT /APPLICATION  EFFORT 

A  fundamental  goal  in  developing  a  microscale  surface 
measurement  capability  is  to  enable  a  point  by  point  3-D 
representation  of  the  surface.  The  data  defining  the  surface 
should  be  available  for  manipulation  as  required  by  the  specific 
objectives  of  a  particular  application.  Development  of  the 
surface  measurement  capability  described  above  requires: 

1)  Correlation  and  photogrammetr ic  relocation  software  to 
match  physical  points  between  the  two  images  and 
compute  heights,  respectively.  The  existence  of 
software  successfully  employed  to  handle  the  central 
projection  problem  encountered  with  stereo  matching  of 
aerial  photographs  has  been  noted  in  Section  III. 3. 3. 

2)  Hardware  configuration  compatible  with  timely  data 
processing  and  useful  output.  A  system  for  providing 
a  3-D  surface  measurement  capability  is  outlined 
below. 
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The  3-D  surface  measurement  system  will  consist  of  a 
SEM  with  a  computer  controlled  scan  generator  and  the 
hardware  to  digitize  the  SEM  video  signal.  To 
digitize  a  stereo  pair  of  SEM  images,  the  specimen  to 
be  characterized  is  oriented  in  the  initial  position 
and  the  computer  is  used  to  scan  the  specimen  and  to 
digitize  and  store  the  first  image.  The  specimen  is 
reoriented  (tilted,  translated  or  combination)  in  the 
second  position  and  the  second  image  is  digitized  and 
stored.  Scan  software  is  employed  to  coordinate  the 
sampling  of  the  SEM  video  signal  with  the  scan 
generator  signal.  The  digitized  stereo  pair  of 
images  are  then  matched  using  correlation  software. 

The  matched  pairs  are  analyzed  further  with  photo- 
grammetric  relocation  software  to  provide  a  3-D  map  of 
the  surface.  The  synthesis  of  the  stereo  matching 
and  photogramme tr ic  relocation  techniques  noted  above 
with  SEM  and  digital  computing  hardware  enables  the 
development  of  a  new  generation  microscale  surface 
measurement  system  capable  of  providing  the  point  by 
point  quantitative  data  required  for  an  enhanced 
understanding  of  surface  phenomena. 
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In  addition  to  surface  topography  measurements,  the  system 
presents  the  following  opportunities: 

1 )  X-Ray  Mapping 

i)  The  system  used  in  conjunction  with  the  x-ray 

wavelength  spectrometer  may  be  used  to  semi- 

quantitatively  determine  concentrations  of  elements 
(boron  through  uranium)  in  a  sample. 

ii)  The  system  could  suppress  noise  in  an  x-ray 
elemental  map.  X-rays  have  a  poor  signal  to  noise 
ratio. 

2)  Backscattered  Imaging  Mode 

The  system  could  determine  the  percentage  of  light  or 
heavey  element  inclusions  from  the  contrast  associated 
with  the  atomic  number  of  the  elements  in  the  inclusion. 
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3)  Secondary  Imaging  Mode 

i)  With  appropriate  steps  the  system  could  detect 
patterns  on  ceramic  and  metal  fracture  surfaces, 
for  example,  the  system  could  be  used  to  determine 
the  percentage  of  tr ansgranular  or  intergranular 
fracture  in  a  specimen.  It  would  also  be  possible 
to  determine  a  reproducible  average  flaw  size 

on  ceramic  flexure  test  samples. 

ii)  With  pattern  recognition  capabilities,  it  would 
be  possible  to  segregate  inclusion  types  (lenti¬ 
cular,  irregular,  spherical)  which  would  be  useful 
in  ceramic  and  metal  research. 
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Figure  6 

SCHEMATIC  OF  SET-UP  FOR  CALIBRATION  OF  TILT  ANGLES 


5  TIMES  AND  AVERAGE  (A)  -  JILT  ANGLE 


Figure  8 

TRACES  OF  STANDARD  STEP-  DIRECTIONS  1  &  2 
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Table  1 

Calculated*  Magnifications 

from  Au 

Gr  id 

X 

-  direction 

y  -  direction 

Photo  # 

NT 

M  S.D. 

NT 

M 

S.D 

8484 

5 

253  0.45 

5 

253 

0 

8485 
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508  1.2 
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507 

1.8 

8486 

4 

775.  2.36 

5 
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4.1 
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1009  6.3 

3 

1006 
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Table  2 

Repeatability  of  Magnification  at  500x 

Photo  #  Magnification 

8485  507 

-  500 

-  506 

500 

M  *  503 
S.D.  *  3.8 

NT  =  Number  of  measurements  from  photo 
M  *  average  magnification 
S.D.  *  Standard  deviation 
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Table  4 
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STEP  HEIGHT  MEASUREMENTS  FROM  STEREO  PAIRS 


Experimental  Set-Up  Conditions 
Magnification  =  508x 
Initial  Tilt  (Left)  =  31.47  +  .04° 
Final  Tilt  (Right)  =  40.49  +  .08° 
Tilt  Angle  Difference  =  9-02  +  .12° 


Point  Photo  Xl  (in)  Xr  (in)  •  Zt  (Height) 

Set  No.  Set  No.  (ym) 


1 

1 

1.987 

1.790 

(4.85) 

1 

2 

1.990 

1.794 

(5.21) 

2 

1 

1.978 

1.784 

(5.39) 

2 

2 

1.983 

1.790 

(5.81) 

2 

2* 

1.980 

1.787 

(5.72) 

3 

1 
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2.628 

(5.27) 

4 

1 

1.600 

1 . 447 

(5.41) 

5 

1 

3-188 

2.864 

(5.67) 

6 

1 

2.913 

2.614 

(4.38) 

Mean  Value  =  =  ( 5 , 

,30 

Standard  Deviation  = 

SD  =  (  .45  ) 

*  Second  Measurement 
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Table  5 

Measurements  from  Stereopairs  and  Stylus 
of  Aluminum  SEM  Stub  Specimen 


Step  He iqht 


Data  Points,  Identified 

In  Figure  2  %  Error  Stereopair  Measurement  Stylus  Measure^iun; 


2  — 

►  3 

-  6.38 

7.39 

JJITI 

7 . 94 

pm 

5  — 

-►  6 

-  2.72 

8.24 

pm 

b  .  47 

pm 

8  — 

9 

+  9.61 

9.47 

pm 

8.64 

pm 
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State-of- the-Ar t  of  Stereomicroscopy 


Computerized  Literature  Survey 


Abstract 


A  literature  search  was  undertaken  to  define  the 
state-of-the-art  of  stereomicroscopy;  quantitative  surface 
topography  on  the  microscale  using  SEM  generated  stereo 
pairs.  Topically,  this  field  includes;  Analytic  Photo- 
grammetry,  Scanning  Electron  Microscopy,  Digital  Image 
Processing  and  Automatic  Pattern  Recognition.  The  union  of 
these  sciences,  provides  the  technological  base  for  devel¬ 
opment  of  an  automated  3-D  SEM-Stereo  Topography  System,  the 
long-range  goal  of  this  program. 

This  report  details  only  the  computerized  literature 
search.  Additional  materials  were  acquired. by  hand  searches 
and  through  personal  communications  with  other  researchers 
active  in  the  field.  Included  is  a  description  of  the  search 
strategies  employed,  quantification  of  results,  as  well  as 
an  evaluation  of  the  various  data  bases  surveyed. 

Introduction 


This  report  documents  a  comprehensive,  computerized 
literature  survey  performed  to  define  the  state-of- the-existing 
art  in  stereomicroscopy.  Other  methods  of  literature  collecting 
included  library  hand  searches  and  personal  communications. 

The  results  of  the  latter  are  not  described  here,  but  papers 
obtained  in  this  way  are  included  in  the  bibliography. 
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The  survey  was  initiated  at  Drexel  University.  After 
filtering  the  available  data  bases,  the  following  were  chosen 
to  be  searched: 


COMPENDEX 
DISS 
INSPEC 
SSIE 
NT  IS 


(Engineering  Index) 

(Dissertation  Abstracts) 

(Science  Abstracts) 

(Smithsonian  Science  Information  Exchange) 
(National  Technical  Information  Service) 


The  remainder  of  the  survey  was  conducted  at  General  Electric, 

Valley  Forge.  The  data  bases  selected  were: 

NASA  (National  Aeronautics  and  Space  Administration) 

DDC  (Defense  Department  Command) 


The  subsequent  sections  describe  the  search  methodology 
and  results  obtained.  The  relevant  data  for  each  search 
undertaken  is  quantified  in  Tables  1.1-1. 9,  2. 1-2. 9,  and 
clarified  via  several  examples  using  the  aforementioned 
Tables.  The  effort  is  then  summarized,  focusing  on  the 
value  of  the  searches. 


Description  of  Searches  and  Search  Strategies 

The  search  of  each  data  base  was  initialized  by  inputting 
preselected  keywords,  words  most  likely  to  appear  in  titles 
or  abstracts  of  relevant  citations.  The  computer  responds 
by  assigning  each  keyword  a  numbered  I.D.  code,  and  printing 
the  number  of  citations  in  the  data  base  containing  this  keyword. 
The  keyword  Photogrammetry  from  Table  1.1  was  input  into  data 
base  INSPEC.  The  computer  responded  by  assigning  I.D.  code 
"1"  to  the  keyword  and  stating  there  are  85  citations  in 
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this  data  base  which  have  Photogrammetry  in  their  Title  or 
Abstract.  Variable  endings  may  also  be  used.  For  example, 
the  next  keyword  input  into  the  INSPEC  data  base  was  Scanning 
Electron  Microscop- [e ,y]  (I.D.  Code=2) .  The  use  of  M-[e,y]" 
at  the  end  of  the  keyword  connotes  a  variable  ending,  and 
instructs  the  computer  to  search  for  both  Scanning  Electron 
Microscope  and  Scanning  Electron  Microscopy.  The  number  of 
citations  containing  either  of  the  two  variations  is  then 
output  (1243) . 

The  above  description  applies  to  keywords  in  all  data 
bases  surveyed,  which  are  listed  in  Tables  1.1  to  1.9. 

Note  that  authors  names  may  be  used  as  keywords  (Tables  1.4; 
1.9)  . 

Keyword  combinations  are  also  assigned  an  I.D.  code  by 
the  computer,  and  the  number  of  citations  which  fit  the 
combination  is  printed.  Two  logical  connectors  are  used  to 
form  keyword  combinations: 

1)  "and"  -  intersection  of  individual  keyword 

citation  sets 

(both  keywords  must  be  in  citation) 

2)  "or"  -  union  of  individual  keyword  citation 

sets 

(either  keyword  must  be  in  citation) 

In  Table  2.1,  combination  "1  and  2"  is  given  an  I.D. 
code  of  3,  and  the  data  base  holds  1  citation  which  contains 
both  keyword  #1  and  keyword  #2. 

The  sequence  of  events  capsulized  above  are  as  follows: 

1)  The  computer  is  told  to  search  the  data  base 

for  all  citations  containing  both  photogrammetry 
(1)  and  scanning  electron  microscop- [e ,y)  (2). 
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2)  Computer  labels  input  logic  with  an  I.D. 
code  (3) . 

3)  Computer  responds  with  number  of  citations  (1) 
in  the  data  base  which  meet  the  criteria. 

The  I.D.  codes  simplify  the  logical  expressions  (keyword 
combinations)  by  allowing  the  operator  to  input  a  representative 
keyword  number  (I.D.  code)  rather  than  retyping  all  desired 
keywords.  This  advantage  becomes  a  necessity  when  large 
logical  expressions  are  desired  (see  Table  2.9). 

The  keyword  combinations  used  for  each  data  base  searched 
are  listed  in  Tables  2.1  to  2.9. 

Results 


The  citations  considered  relevant  to  the  survey  were 
printed,  and  are  indicated  by  an  asterisk  (*)  in  Tables  1.1 
to  1.9  and  2.1  to  2.9.  The  printed  results  from  each  data 
base  surveyed  are  summarized  in  the  following  list: 

1)  INSPEC  (Science  Abstracts;  Tables  1.1,  2.1) 

Ten  citations  were  printed,  and  ail  ten  were 
located  via  keyword  combinations.  The  majority 
(9  of  10)  deal  with  Image  Processing. 

2)  COMPENDEX  (Engineering  Index;  Tables  1.2,  2.2) 
Ten  citations  were  printed,  all  dealing  with 
Stereo  Pairs.  Keyword  combinations  in  this 
data  base  proved  fruitless. 

3)  NT IS  (National  Technical  Information  Service; 
Tables  1.3,  1.4,  2.3,  2.4) 

Two  Separate  searches  were  conducted  in  this 
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data  base.  The  first  search  (Tables  1.3, 

2.3)  yielded  twelve  printed  citations,  eleven 
of  which  involve  Stereo  Pairs  or  Stereo  Model¬ 
ling.  The  second  search  (Tables  1.4,  2.4) 
produced  two  printed  citations  dealing  with 
SEM,  Photogramme  try  and  Image  Processing. 

4)  SSIE  (Smithsonian  Science  Information  Exchange; 
Tables  1.5,  2.5) 

Eleven  citations  from  this  data  base  were 
printed.  Keyword  combinations  involving  Photo- 
grammetry,  SEM  and  Image  Processing  produced 
the  majority  of  references.  Two  citations 
containing  Stereo  Pairs  were  also  printed. 

5)  DISS  (Dissertation  Abstracts;  Tables  1.6,  1.7, 

2.6,  2.7) 

Two  searches  were  conducted.  The  first  search 
(Tables  1.6,  2.6)  provided  three  printed  citations, 
one  each,  dealing  with  Stereo  Pairs,  Height 
Measurement  and  Asperities,  respectively.  The 
second  search  (Tables  1.7,  2.7)  proved  fruitless. 

6)  NASA  (National  Aeronautics  and  Space  Administration 
Tables  1.8,  2.8) 

Data  relevant  to  all  topics  surveyed  was  found 
in  this  data  base,  which  consists  mainly  of 
government  sponsored  research  publications. 

In  all,  390  citations  were  printed. 

7)  DDC  (Defense  Department  Command;  Tables  1.9, 

2.9)  SEM  and  Photogr ammetry  were  the  basis  for 
the  keyword  combinations  which  provided  most 
of  the  relevant  citations  printed  (185)  from 
this  data  base. 
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Summary  and  Conclusions 


The  methodology  for  implementing  a  computerized  liter¬ 
ature  search  to  define  the  state-of-the-art  of  stereomicroscopy 
was  described  and  the  results  obtained  were  presented. 

Five  data  bases  (COMPENDEX,  DISS,  INSPEC,  SSIE,  NTIS) 
surveyed  at  Drexel  University  provided  minimal  results.  These 
searches  yielded  a  total  of  48  citations.  Searches  of  the 
NASA  and  DDC  data  bases  were  the  most  fruitful,  providing 
575  citations,  and  indicating  that  the  major  portion  of  the 
work  being  done  in  this  field  is  government  sponsored. 


SEARCH  LOCATION:  Drexel 


VENDOR:  BRS 

DATA  BASE:  INSPEC  (Science  Abstracts) 


TABLE  1 . 1 

Keywords,  I.D.  Codes,  and  Number  of 
Each  Keyword 

Citations 

for 

I.D.  CODE 

KEYWORD 

NO. 

OF  CITATIONS 

1 

Photo gramme try 

8  S 

2 

Scanning  Electron  Microscop  - 

[e.y] 

1243 

5 

Image  Processing 

604 

TABLE  2.1  Keyword  Combinations,  I.D.  Codes  and  Number  of  Citations 
for  Each  Combination 


I.D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

3 

1  and  2 

1* 

6 

5  and  2 

5* 

7 

1  and  5 

4* 

Printed 


83 


SEARCH  LOCATION:  Drexel 


VENDOR:  Lockheed 

DATA  BASE:  COMPENDEX  (Engineering  Index) 

TABLE  1.2  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Keyword 


I.D.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Stereo  Pairs 

10* 

2 

Stereo  Topography 

0 

3 

Digitaliz  -  [e,ing,ed] 

91 

4 

Height  Measurement 

54 

5 

Asperit  -  [y,ies] 

291 

TABLE  2.2  Keyword  Combinations,  I.D.  Codes,  and  Number  of  Citations 
for  Each  Combination 


I.D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

6 

(1  or  2)  and  3  and  (4  or  5) 

0 

7 

1  and  (4  or  5) 

0 

*  =  Printed 


SEARCH  LOCATION:  Drexel 
VENDOR:  BRS 

DATA  BASE:  NTIS  (National  Technical  Information  Service) 


TABLE  1.3  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Keyword 


I.D.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Electron  Microscop  -  [e,y] 

1199 

2 

Stereo  Pairs 

4* 

3 

Stereo  Topography 

0 

6 

Digitaliz  -  [e,ed,ing] 

12 

7 

Height  Measurement  -  [s] 

25 

8 

Asperit  -  [y,ies] 

17 

13 

Stereo  Model  -  [s] 

7* 

16 

Digitize  -  [dj 

462 

TABLE  2.3  Keyword  Combinations,  I.D.  Codes  and  Number  of  Citations 
for  Each  Combination 


I.D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

9 

1  and  2  and  (7  or  8) 

0 

10 

1  and  (7  or  8) 

1* 

11 

1  and  2  and  6 

0 

12 

2  and  6 

0 

17 

1  and  2  and  16 

0 

18 

(7  or  8)  and  16 

0 

*  *  Printed 
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SEARCH  LOCATION:  Drexel 
VENDOR:  BRS 

DATA  BASE:  NTIS  (National  Technical  Information  Service) 


TABLE  1.4  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Keyword 


I.D.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Photogrammetry 

180 

3 

Scanning  Electron  Microscop  - 

[e,y]  342 

5 

Image  Processing 

292 

10 

Howell  (author) 

128 

TABLE  2.4  Keyword  Combinations,  I.D.  Codes  and  Number  of  Citations 
for  Each  Combination 


I.D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

6 

1  and  3 

1* 

6 

5  and  3 

1* 

11 

10  and  3 

0 

86 

*  »  Printed 


SEARCH  LOCATION:  Drexel 


VENDOR:  BRS 

DATA  BASE:  SSIE  (Smithsonian  Science  Information  Exchange) 


TABLE  1.5  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Word 


I.D.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Photo gramme  try 

36 

2 

Scanning  Electron  Microscop  - 

[e,y]  751 

4 

Image  Processing 

203 

8 

Surface 

10458 

10 

Surface  Roughness 

84 

14 

Stereo  Pairs 

2* 

15 

Stereometry 

0 

16 

Cartography 

11 

17 

Digital 

1077 

TABLE  2.5  Keyword  Combinations,  I.D.  Codes  and  Number  of  Citations 
for  Each  Combination 


i.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

3 

1  and  2 

1* 

18 

16  and  17 

2* 

20 

Mapping  and  17 

59 

24 

1  and  2  and  10  and  20 

0 

28 

(1  or  2)  and  10  and  20 

0 

29 

1  or  2 

786 

30 

2  9  and  4 

3* 

31 

29  and  10 

3* 

* 


Printed 
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SEARCH  LOCATION:  Drexel 


VENDOR:  BRS 

DATA  BASE:  DISS  (Dissertation  Abstracts) 

TABLE  1.6  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Word 


I.D.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Electron  Microscop  -  [e,y] 

454 

2 

Stereo  Pair  -  [s] 

1* 

3 

Stereo  Model  -  [s] 

0 

4 

Height  Measurement  -  [s] 

1* 

S 

Asperit  -  [y,ies] 

1* 

6 

Digitize 

17 

7 

Digitaliz  -  [e,ed,ing] 

2 

9 

Metal  Surface  -  [s] 

67 

11 

Stereo  Topography 

0 

14 

Stereoscopic 

25 

TABLE  2.6  Keyword  Combinations,  I.D.  Codes,  and  Number  of  Citations 
for  Each  Combination 


I.D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

8 

(6  or  7)  and  1 

1 

10 

9  and  1 

0 

15 

1  and  14 

0 

*  =  Printed 
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SEARCH  LOCATION:  Drexel 


1 


TABLE  2.7  Keyword  Combinations,  I.D.  Codes,  and  Number  of  Citations 
for  Each  Combination 


CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

3 

1  and  2 

0 

5 

4  and  2 

0 

6 

1  and  4 

0 

8 

1  and  7 

0 

9 

2  and  7 

0 

w 


SEARCH  LOCATION:  General  Electric,  Valley  Forge 
VENDOR:  RE CON 

DATA  BASE:  NASA  (National  Aeronautics  and  Space  Administration) 


TABLE  1.8  Keywords,  I.D.  Codes  and  Number  of  Citations  for 
Each  Keyword 


i.  CODE 

KEYWORD 

NO.  OF  CITATIONS 

1 

Photo gramme try 

1806 

2 

Aerial  Photography 

4718 

4 

Scanning  Electron 

1110 

6 

SEM 

S  91 

14 

Surface  Geometry 

1599 

IS 

Textures 

542 

16 

Roughness 

92 

17 

Surfaces 

344 

18 

Topography 

2507 

21 

Digital  Techniques 

3389 

22 

Imaging  Techniques 

6952 

23 

Imagery 

1918 

L  T 

Photomicrography 

664 

27 

Stereophotography 

865 

28 

Stereoscopy 

180 

31 

Image  Processing 

975 

33 

Digital  Processing 

415 

42 

Mapping 

5198 

4  3 

Photomapping 

1680 

48 

Mars  Surface 

1692 

49 

Lunar  Topography 

2484 

AD- A  137  871 


DEVELOPMENT  OF  A  3D  MICROSCALE  TOPOGRAPHY  SYSTEM  PHASE  #/l 
I (U >  SKF  TECHNOLOGY  SERVICES  KING  OF  PRUSSIA  PA  *  m 
S  S  GASSEL  ET  AL .  DEC  83  SKF-AT83D001  N000 1 4 - 79 -C-0792 

F/G  11/6 


UNCLASSIFIED 


NL 


SEARCH  LOCATION:  General  Electric,  Valley  Forge 
VENDOR:  RECON 

DATA  BASE:  NASA  (National  Aeronautics  and  Space  Administration) 


TABLE  2.8  Keyword  Combinations,  I.D.  Codes  and  Number  of  Citations 
for  Each  Combination 


D.  CODE 

KEYWORD  COMBINATION 

NO.  OF  CITATIONS 

3 

1  or  2 

5848 

11 

4  or  6 

1458 

12 

1  and  2 

676 

13 

3  and  11 

5* 

19 

14  or  15  or  16  or  17  or  18 

5054 

20 

11  and  19 

26* 

26 

21  or  22  or  23  or  24 

12476 

30 

26  or  27  or  28 

1034 

35 

31  or  33 

1159 

36 

30  and  3 

1184 

37 

35  and  3  and  30 

45* 

38 

30  and  11 

74* 

39 

11  and  35 

1* 

40 

19  and  3 

427 

41 

40  and  (30  or  35) 

100* 

44 

42  or  43 

6858 

45 

44  and  3 

1447 

46 

44  and  11 

2* 

47 

44  and  19  and  (30  or  35) 

115* 

50 

48  or  49 

4138 

51 

(19  or  44)  and  50 

448 

52 

3  and  50 

132 

S3 

52  (from  1974  to  present) 

53 

54 

3  and  50  and  (19  or  30) 

49 

55 

54  (from  1974  to  present) 

22* 

*  ■  Printed 


91 


SEARCH  LOCATION:  General  Electric,  Valley  Forge 
VENDOR: 


DATA  BASE:  DDC  (Defense  Department  Command) 


TABLE  1.9  Keywords  and  I.D.  Codes 


I.D.  CODE 


KEYWORD 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 


SEM 

Scanning  Electron  Microscop  -  [e 
Digital  Imag  -  [e,es,ing] 

Digital  Map  -  [s,  ping] 

Digital  Cartograph  -  [y,ic] 
Digital  Photogrammetry 
Digital  Correlation 
Digital  Techniques 
Image  Processing 
Image  Correlation 
Image  Restoration 
Imaging  Techniques 
Surface  Roughness 
Roughness 
Topography 
Texture  -  [s] 

Surface  Analysis 
Height  Finding 
Map  Plotters 
Map  -  [s,ping] 

Cartography 
Microphotography 
Aerial  Photography 
Photogrammetry 
Photomicrography 
Stereoscopic  map  -  [s.ping] 
Stereoscopic  display 
Stereoscopic  Cameras 
Stereomapping 
Stereophotography 
Stereophoto gramme try 
Electron  Microscop  -  [e,es,y] 
Digital  Image  Correlation 
Digital  Recording  Systems 
Surfaces 

Surface  Properties 
Stereoscopic  Display  Systems 
Stereoscopic  Mapping  Instruments 
Stereoscopes 
McAdams,  H.  T.  (author) 

Panton,  D.  J.  (author) 

Crombie,  M.  A.  (author) 
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,es,y] 


SEARCH  LOCATION:  General  Electric,  Valley  Forge 
VENDOR: 

DATA  BASE:  DDC  (Defense  Department  Command) 

TABLE  2.9  Keyword  Combinations  and  Number  of  Citations 


KEYWORD  COMBINATIONS 


NO.  OF  CITATIONS 


(1  or  2)  and  (3  or  4  or  5  or  6  or  7 

or  8  or  9  or  10  or  11  or  12)  0 

(1  or  2)  and  (22  or  23  or  24  or  25 

or  26  or  27  or  28  or  29  or  30  or  31)  0 

(1  or  2)  and  (13  or  14  or  15  or  16 

or  17  or  18  or  19  or  20  or  21)  35* 

29  and  37  301 

(31  or  30  or  29  or  38  or  37  or  28)  and 
(9  or  11  or  4  or  3  or  33  or  13  or  35)  41* 

(23  or  24)  and  (13  or  14  or  15  or  16)  38* 

(2  or  32)  and  (23  or  24)  0 

(2  or  32)  and  (4  or  9  or  25)  6* 

2  and  (3  or  33  or  20  or  11  or  34  or  35 

or  36  or  17  or  22  or  28  or  37  or  18  or  19)  37* 

41  8* 

40  6* 

42  14* 


Printed 
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AT83D001 


APPENDIX  B 


Proof-of-Concept  Test 


SKF  TECHNOLOGY  SERVICES 

SKF  INDUSTRIES,  INC 
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LETTER  REPORT 


TO:  S.  S.  Gassel 

TITLE.  SEM  Stereopair  Techniques 


REFERENCE:  SKF  Letter  Report  AT80C008L, 

SEM  Magnification  Check 


REPORT  NO:  AT80C034L 
PROJECT  CODE: 

DATE:  July  24,  1980 
FROM:  T.  Yonushonis 
COPIES  TO: 


INTRODUCTION 


An  ETEC  scanning  electron  microscope  was  used  to  obtain 
stereopairs  of  electropolished  M50  and  aluminum  samples.  Elec¬ 
tropolishing  provided  a  step  or  ledge  in  the  material  which  allowed 
comparison  between  SEM  stereopair  measurements  and  conventional 
diamond  stylus  traces  of  the  same  area.  Initial  stereopairs  of  an 
M50  sample  indicated  that  precise  location  of  the  tilt  axis,  as 
well  as  accurate  tilt  angle  and  parallel  measurements  are  required 
to  obtain  results  comparable  to  a  stylus  trace. 

EXPERIMENTAL  PROCEDURE 


Magnification  Calibration 

Calibration  of  the  SEM  magnification  was  required  to  obtain 
reproducible  images  which  could  be  used  to  quantitatively  define 
step  heights  or  asperity  heights  in  an  unknown  sample.  The  SEM 
magnification  calibration  procedure  used  was  detailed  in  SKF  report 
number  AT80C008L,  entitled  "SEM  Magnification  Check."  Basically, 
the  calibration  procedure  relied  on  measurements  obtained  from  photo¬ 
graphs  of  a  gold  grid  containing  1000  lines  per  inch.  The  gold  grid 
was  photographed  at  a  0°tilt  angle  while  the  accelerating  current, 
condensor  current,  focus  controls,  and  magnification  controls  were 
fixed.  Focusing  was  accomplished  by  repositioning  the  sample  along 
the  Z  axis.  Magnification  repeatability  at  500x  using  the  outlined 
technique  was  within  1%  of  the  calibrated  magnification. 

SEM  Stereopair  Measurements  -  M50  Step  Standard  -  4.5  pm  Step 

Obtaining  quantitative  data  from  SEM  stereopairs  was  compli¬ 
cated  by  four  major  factors:  (1)  the  angle  between  the  plane  con¬ 
taining  the  tilt  axis  and  the  detector  plane  was  not  known  (2)  exact 
positioning  of  the  sample  at  a  given  tilt  was  not  possible  with 
existing  equipment  (3)  accurate  measurements  of  distances  on  photo¬ 
graphs  is  required  (4)  the  diamond  stylus  did  not  scratch  the  M50 
surface  (so  that  the  trace  direction  could  be  identified) .  Due  to 


SKF  TECHNOLOGY  SERVICES 

SKF  INDUSTRIES.  INC 
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REPORT  NO:  AT80C034L 
CODE: 

PAGE:  Two 

these  difficulties,  it  was  necessary  to  manufacture  an  aluminum 
stop  which  could  assure  repeatable  tilt  angles  and  a  new  step 
standard  from  a  softer  material. 


Tilt  Axis  Calibration 

Analysis  of  the  equations  used  to  determine  asperity  heights 
from  stereopair  photographs  indicated  that  the  tilt  angle  and 
angular  differences  must  be  reproducible  and  known  with  a  high 
degree  of  accuracy.  Initial  stereopair  photographs  of  the  M50  step 
standard  using  the  standard  SEM  tilt  axis  confirmed  that  a  high 
degree  of  confidence  in  the  tilt  angle  was  necessary  and  the  con¬ 
ventional  method  of  fixing  a  tilt  angle  by  a  rotating  dial  on  the 
SEM  chamber  door  was  inadequate  for  quantitative  measurements.  An 
aluminum  stop  was  manufactured  to  correct  this  problem.  This  stop 
was  designed  to  yield  stereopairs  at  30°  and  40°  tilt  angles  with  an 
angular  difference  of  10°  between  pairs.  In  order  to  measure  the 
tilt  angles  it  was  necessary  to  remove  the  SEM  stage  from  the  chamber. 
Unfortunately,  the  stylus  method  utilized  to  measure  tilt  angles 
will  not  take  into  account  any  out  of  plane  motion  due  to  the  SEM 
door  hinges.  The  actual  tilt  angles  were  31.469°  and  40.485°  with 
an  angular  difference  of  9.016°  between  stereopairs.  Tne  estimated 
reproducibility  of  the  system  was  +0.1°  from  the  average  tilt  angle. 
This  tilt  angle  was  considered  acceptable. 


SEM  Stereopair  Measurement  -  Aluminum  Step  Standard  -  8  pm  Step 


An  electropol ished  aluminum  SEM  stub  was  used  to  eliminate  some 
of  the  problems  encountered  with  the  M50  step  standard.  Scratches 
approximately  0.13  mm  (0.005  in)  apart  were  scribed  parallel  to  the 
electropolished  step  shown  in  Figure  1.  These  scratches  could  be 
used  to  identify  stylus  position  relative  to  the  step  location.  As 
can  be  seen  in  Figure  1,  the  stylus  traces  deformed  the  aluminum 
surface.  The  stylus  also  had  a  tendency  to  skip  portions  of  the 
surface.  This  tendency  which  was  related  to  the  radius. 


The  stereopair  shown  in  Figure  1  was  obtained  using  the  proce¬ 
dures  identified  to  assure  proper  image  magnification  and  tilt  axis. 
No  attempt  was  made  to  align  the  stylus  traces  with  the  photo  edge. 

Figure  2  shows  an  improved  stereopair  obtained  by  aligning  the 
sample  with  the  edges  of  the  photo.  Table  1  contains  the  data 
obtained  from  measurements  of  the  stereopairs  and  corresponding 
stylus  measurements.'*  Initially,  the  scribed  scratches  and  stylus 
traces  were  aligned  with  the  edges  of  the  cathode  ray  tube  (CRT) . 
Alignment  was  simplified  by  decreasing  the  CRT  brightness  and  in¬ 
creasing  the  contrast.  Then,  the  x-y  stage  micrometers  were  used  to 
move  the  image  in  the  x  and  y  directions  on  the  CRT  tube.  Sample 
rotation  assisted  in  aligning  the  x  and  y  stage  movements  parallel 
to  the  edges  of  the  CRT  tube.  Further  improvements  in  image  position 

*  See  Figure  3. 
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were  obtained  by  rotating  the  electron  beam  raster  pattern  until  the 
scribe  and  stylus  marks  on  the  sample  coincided  with  x  and  y  stage 
movements  and  the  edge  of  the  CRT.  It  should  be  noted  that  these 
adjustments  were  made  at  the  final  image  magnification,  503x.  After 
sample  alignment,  the  image  was  focused  at  5000x  in  the  reduced  area 
mode.  Image  magnification  was  decreased  to  503x,  brightness  and 
contrast  adjusted,  and  the  final  image  recorded  photographically. 
Orientation  of  significant  topographic  features  were  sketched  onto 
the  CRT  screen  prior  to  changing  the  tilt  angle  to  40.485°.  The 
higher  angle  photograph  was  obtained  by  simply  adjusting  the  x  and  y 
positions  and  focusing  with  the  z  axis.  No  further  adjustment  of 
the  sample  rotation  or  raster  rotation  was  required. 

SUMMARY 


The  distance  between  planes  produced  by  selective  electro¬ 
polishing  of  aluminum  was  determined  by  measuring  stereopair 
photomicrographs.  These  distances,  approximately  8  /am,  were  within 
10%  of  the  value  obtained  from  conventional  stylus  techniques. 


Improvements  in  stereopair  accuracy  and  production  may  be 
obtained  by  investigating  new  solid  state  backscattered  electron 
detectors  (provides  higher  contrast) ,  SEM  stages  designed  for 
stereopair  work,  and  computer  processing  of  picture  points. 


(jWm  Rmixc 
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Table  I 

Measurements  From  Stereopairs  and  Stylus 

Step  Height 

Data  Points,  Identified 


In  Fiqure  2 

Error 

Stereopair  Measurement 

Stylus  Measurement 

2-^3 

- 

6.88 

7.39 

pm 

7.94 

pm 

5  -*.6 

- 

2.72 

8.24 

pm 

8  47 

pm 

8  — ►  9 

+ 

9.61 

9.47 

pm 

64 

pm 
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A  gold  grid  containing  1000  lines  per  inch  was  used  to 
check  the  SEM  magnification  at  theoretical  magnifications  of 
250x,  500x,  750x,  and  lOOOx.  The  working  distance  was  main¬ 
tained  constant  at  approximately  20  cm  for  a  magnification 
multiplier  of  1.25.  This  multiplier  was  chosen  to  allow  neces¬ 
sary  working  distance  clearance  necessary  for  tilting  specimens 
in  the  SEM  chamber. 

Table  I  contains  the  dial  and  guage  setting  used  to  obtain 
photographs  of  the  Au  grid.  Focus  was  achieved  by  repositioning 
the  specimen  along  the  2  axis  in  order  to  avoid  changing  the 
magnification  multiplier  which  is  dependent  on  the  settings  of 
the  focus  controls. 

Table  II  presents  the  SEM  magnifications  in  the  x  and  y 
plane  of  the  image  and  the  repeatability  of  the  magnification 
studies.  The  results  shown  were  encouraging  since  the  magnifi¬ 
cations  were  linear  over  the  range  studied  and  the  magnifications 
were  repeatable. 

Figure  1  shows  SEM  photomicrographs  of  the  Au  grid  at 
250x,  500x,  750x,  and  lOOOx. 
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Table  I 

SEM  Settings  for  Magnification  Check 


Accelerating  Voltage  -  20KV 

Condenser  Current  -  2.1  amps 


Condenser  Setting 

— 

4.9  on 

Focus  Controls 

- 

Coarse 

Medium 

Fine 

Tilt 

- 

0° 

Vernier  Magnification  Multiplier 
Magnification  Multiplier 


dial  indicator 

7.5 
5.0 
5.0 

1.0  for  250x ,  500x ,  lOOOx 

1.5  for  750x 
1.25 
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Table  II 

Calculated*  Magnifications  from  Au  Grid 


x  -  direction  y  -  direction 


Photo  # 

NT 

M 

S.D. 

NT 

M 

S.D 

8484 

5 

253 

0.45 

5 

253 

0 

8485 

5 

508 

1.2 

5 

507 

1.8 

8486 

4 

775. 

2.36 

5 

777 

4.1 

8487 

4 

1009 

6.3 

3 

1006 

0 

Repeatability 

of  Magnification  at  500x 

Photo  # 

Magnification 

8485 

507 

— 

500 

— 

506 

—  —  —  — 

500 

M  =  503 
S.D.  ■  3.8 

NT  =  Number  of  measurements  from  photo 
M  =  average  magnification 
S.D.  *  Standard  deviation 
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Figure  1 

SEM  photo-micrograph  of  Au  grid  at  various 
magnifications  for  SEM  magnification  check. 
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